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ABSTRACT 


This  report  describes  the  research  performed  over  the  period  of  1  January  1 999  to  3 1  December 
1999  on  a  MUR]  under  Office  of  Naval  Research  contract  N00014-96-1-1 173  on  the  topic  “Acoustic 
Transduction:  Materials  and  Devices”  brings  together  work  from  the  Materials  Research  Laboratory 
(MRL),  the  Applied  Research  Laboratory  (ARL),  and  the  Center  for  Acoustics  and  Vibrations  (CAV)  at 
The  Pennsylvania  State  University.  As  has  become  customary  over  many  years  research  on  the  program  is 
described  in  detail  in  the  87  technical  appendices  to  this  report  and  only  a  brief  narrative  description 
connecting  this  research  is  given  in  the  text. 

Perhaps  the  most  outstanding  accomplishment  of  the  year  is  a  “spin  on”  from  our  earlier  single 
crystal  studies  now  involving  Brookhaven  National  Laboratory  and  Professor  Gonzalo’s  group  in  Madrid, 
Spain.  Using  exceptionally  homogeneous  polycrystal  lead  zirconate  titanate  samples  prepared  in  MRL, 
precise  synchotron  x-ray  analysis  has  confirmed  a  new  monoclinic  phase  at  lower  temperature  in 
composition  close  to  the  important  morphotropic  phase  boundary.  This  work  demands  a  re-thinking  of 
both  intrinsic  and  extrinsic  contributions  to  response  in  this  most  important  practical  transducer  material 
family.  Domain  Engineering/Domain  Averaging  in  lead  zinc  niobate:lead  titanate  (PZN:PT)  in  lead 
magnesium  niobatedead  titante  (PMN:PT)  and  inn  barium  titanate  (BaTiOj)  continues  to  offer  single 
crystal  systems  with  outstanding  transducer  and  actuator  properties  and  new  insights  into  the  field 
induced  strain  mechanisms  in  all  perovskite  type  piezoelectrics.  Excellent  progress  with  the  new  high 
strain  irradiated  P(VDF:TrFE)  relaxor  ferroelectric  copolymer  system  has  helped  catalyze  a  new  DARPA 
initiative  in  this  area  and  a  re-awakening  of  interest  in  the  whole  area  of  electrostrictive  polymer  systems. 

A  primary  objective  of  this  MURI  grouping  was  to  help  shorten  the  time  constant  for  new 
materials  and  device  concepts  to  be  applied  in  practical  Navy  Systems.  We  believe  this  has  now  been 
realized  in  joint  work  on  the  composite  cymbal  type  flextensional  arrays  for  large  area  projectors,  and  in 
the  progress  made  towards  a  micro-tonpilz  array  system. 

Original  work  on  new  step  and  repeat  piezoelectric  high  strain  systems  continues  to  make  good 
progress  now  using  commercial  motion  rectifiers  to  produce  both  linear  and  rotary  systems  with  high 
torque  capability.  New  composite  designs  are  pushing  toward  1  mm  diameter  motors  in  the  size  regimen 
where  there  are  real  difficulties  for  conventional  electromagnetic  designs. 

A  new  area  of  activity  this  year  is  in  piezoelectric  transformers  where  a  circular  symmetry  design 
in  conjunction  with  controlled  inhomogeneous  poling  is  shown  to  offer  capabilities  which  are  of  real 
interest  for  energy  recovery  actuator  power  systems.  Basic  studies  have  evolved  a  new  environmental 
SEM  technique  for  high  resolution  domain  wall  studies  without  changing  problems.  Work  is  continuing 
on  reliable  measurements  of  electrostrictive  constants  in  simple  solids  confirming  by  both  direct  and 
converse  methods  and  permitting  the  first  generalization  of  trends  in  these  fundamentally  important 
coupling  constants. 
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Phase  pure  PLZT  (3/52/48)  powders  were  synthesized  at  a  low  temperature  of  138°C  by  both 
conventional  and  microwave  hydrothermal  (MH)  methods  without  using  excess  lead  content. 
PLZT  ceramics  fabricated  from  the  above  powders  resulted  in  96%  of  theoretical  density 
upon  sintering.  Properties  such  as  crystallinity,  morphology  of  the  as  prepared  MH  powders 
and  densification  and  microstructure  of  the  sintered  pellets  were  studied.  These  properties  of 
MH  samples  were  compared  with  the  properties  of  those  prepared  by  conventional  hydro- 
thermal  method  (CH). 


Keywords:  Microwave  and  conventional  hydrothermal;  PLZT  ceramics 


INTRODUCTION 

Lanthanum  doped  lead  zirconate  titanate  (PLZT)  ceramics  have  emerged  as  the 
most  promising  family  of  materials1'1  for  electrooptic[2]  and  photostriction131 
applications.  Many  solid  state  reaction  processes  have  been  reported14'51  and  the 
studies  suggest  the  importance  of  chemical  homogeneity  and  powder 
sinterability  for  low  processing  temperatures  in  fabricating  high  quality 
ceramics.  It  is  well  recognized  now  that  high  quality  sinterable  powder  is  an 
essential  prerequisite  for  multicomponent  ceramics.  Sol-gel  process  is  a 

*  Permanent  address:  Institute  of  Materials  Research  and  Engineering  (IMRE),  National 
University  of  Singapore,  Singapore  -119260 
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versatile  technique  to  prepare  very  fine  powders  because  of  distinct  advantages 
such  as  low  processing  temperature,  better  control  over  stoichiometry  and 
chemical  homogeneity.  We  have  reported  PLZT  ceramics  with  greater  than  93% 
of  theoretical  density  by  sol-gel  process131.  Besides  the  above  two  methods  for 
the  fabrication  of  fine  powders,  hydrothermal  method  has  gained  its  importance 
in  the  fabrication  of  highly  dense  electroceramics  from  very  fine  powders.  In 
CH  method  the  reactions  are  carried  out  in  an  aqueous  environment  in  the 
presence  of  hydroxide  ion[6].  The  advantages  of  hydrothermal  method  are  (i) 
low  temperature  process,  (ii)  environmentally  friendly  as  the  reactions  are 
carried  out  under  closed  system  conditions,  (iii)  teflon-lined  bombs  are  used 
which  is  very  important  for  highly  caustic  solutions  when  used  and  (iv)  ultrafine 
powder  synthesis.  There  are  no  reports  on  the  synthesis  of  PLZT  powders  by 
hydrothermal  method  to  the  authors’  knowledge. 

A  recent  innovation  of  the  hydrothermal  process  is  the  introduction  of 
microwaves  into  the  reaction  vessels  to  produce  fine  ceramic  powders  rapidly1  ^ 
The  primary  advantages  of  using  microwaves  in  the  hydrothermal  system  are  (i) 
rapid  kinetics  leading  to  savings  of  time  and  energy  (ii)  rapid  internal  heating 
and  (iii)  synthesis  of  new  materials.  In  view  of  the  above  advantages,  an 
attempt  is  made  here  to  prepare  PLZT  by  MH  method  and  evaluate  this  method 
for  its  phase  formation,  sinterability  and  microstructure  in  comparison  to  that 
prepared  by  CH  method. 

Experimental 

Aqueous  solutions  of  lead  nitrate  [Pb(NC>3)2],  lanthanum  chloride  [LaCL], 
niobium  chloride  [NbCL],  oxyzirconium  chloride  [Z1OCI2.8H2O]  and  titanium 
tetrachloride  [TiCL]  of  reagent  grade  (Aldrich)  were  the  starting  chemicals  to 
get  the  composition  (Pbo.96Lao.03)  (Zro.51Tio.47Nbo.oOO3.  Stoichiometric  inorganic 
salts  of  (1M)  lead  nitrate,  (0.5M)  oxyzirconium  chloride,  (0.3M)  lanthanum 
chloride  and  (0.01  M)  niobium  chloride  were  dissolved  in  20  ml  of  0.5  M 
aqueous  solution  of  TiCL  followed  by  the  addition  of  KOH  (to  make  the 
solution  10M  with  respect  to  KOH)  as  a  catalyst  of  the  hydrothermal  reaction 
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(Table  1).  The  mixture  was  stirred  with  teflon  bar  for  30  minutes  in  125  ml 
capacity  teflon  vessel  of  Parr  bomb  (Parr  Instrument  Co.,  USA).The 
experimental  set  up  for  MH  and  CH  were  described  in  our  earlier  work  171 .  It 
was  assumed  in  this  study  that  49  psi  was  equivalent  to  138°C.  After  the  MH 
and  CH  treatments,  the  solid  and  solution  phases  were  separated  by 
centrifugation  before  characterization.  For  powder  XRD  studies,  the  solid 
fractions  were  dried  below  100°C  after  they  were  washed  with  deionized  water. 
Powder  XRD  patterns  of  the  dried  samples  were  recorded  using  X-ray 
diffractometer  (Scintag  model  DMC  105),  with  Cukct  radiation  in  the  range  of 
20-60°  20.  The  powders  were  pressed  into  disks  and  sintered  at  1150,  1250°C 
for  4hrs  &  1270°C  for  2hrs.  Densities  of  the  sintered  bodies  were  measured  by 
the  Archimedes’  method.  Microstructural  studies  were  done  on  samples 
thermally  etched  at  1200°C  for  20  mins.  A  gold  layer  was  then  sputter  coated 
on  the  samples.  Microstructural  investigation  was  performed  with  a  scanning 
electron  microscope  (Model  ISI-DS-130,  Akashi  Beam  Tech.  Corp.,  Japan). 


Results  and  discussion 

The  experimental  data  obtained  in  the  synthesis  of  PLZT  by  MH  and  CH 
methods  are  shown  in  Table  1.  From  the  data,  it  is  clear  that  phase  pure  PLZT 
was  obtained  at  the  lowest  temperature  used  i.e.,  138°C  by  MH  as  well  as  CH 
methods.  In  the  case  of  MH  method,  2  hrs  of  treatment  time  was  used  to  obtain 
the  phase  pure  PLZT  powders  while  2.5  hrs  was  used  in  the  case  of  CH  method. 
XRD  patterns  for  both  MH  and  CH  as  prepared  powders  are  depicted  in  Figure 
1,  SEM  micrographs  for  the  PLZT  powders  prepared  by  MH  and  CH  methods 
are  shown  in  Figure  2.  It  is  obvious  from  the  figure  that  both  MH  and  CH 
methods  yielded  aggregated  powders  with  particle  diameter  in  the  range  of  1- 
4pm,  the  crystals  were  of  cubic  morphology.  The  pellets  prepared  from  the 
powders  obtained  by  both  MH  and  CH  processing  conditions  were  sintered  at 
1150,  1250°C  for  4hrs  and  1270°C/2hrs.  All  the  characterization  studies  were 
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done  on  the  pellets  with  the  highest  density  prepared  from  powders  obtained  by 
both  MH  and  CH  at  1 38°C  and  sintered  at  1250°C  for  4  hrs. 


20  25  30  35  40  45  50  55  60 

20  (degree) 

FIGURE  1.  XRD  patterns  of  PLZT  powders 


FIGURE  2.  SEM  micrographs  of  PLZT  powders  synthesized  at  138°C 
by  (a)  microwave  and  (b)  conventional  hydrothermal  methods 


Figure  3  shows  SEM  microstructures  of  PLZT  sintered  pellets.  From 
the  figure  it  is  clear  that  in  MH  method  the  average  grain  size  is  about  2.5  pm 
whereas  CH  method  yielded  ceramics  with  average  grain  size  around  2  pm  with 
high  density  (96%)  ceramics  in  both  the  cases. 
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FIGURE  3.  SEM  micrographs  of  thermally  etched  PLZT  pellets  derived 
from  (a)  microwave  and  (b)  conventional  hydrothermal  powders 
synthesized  at  138°C  and  sintered  at  1250°C  for  4h. 

Conclusion 

Phase  pure  PLZT  powders  were  successfully  prepared  at  a  low  temperature  of 
138°C  by  MH  and  CH  methods.  However,  the  former  method  may  lead  to 
energy  savings  because  of  rapid  heating  to  temperature.  No  excess  lead  content 
was  used  during  this  process.  The  pellets  sintered  at  1250°C  for  4  hrs  showed 
96%  of  theoretical  densities  and  grain  sizes  of  around  3um.  No  lead  vapors 
were  apparently  released  during  these  processes  as  the  reactions  were  done  in 
closed  system. 
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Piezoelectric  ceramics  are  potential  high-power  electro-acoustic  sources,  and  have  been  studied  for 
many  years.  However,  when  these  devices  are  driven  under  high  level  vibration,  the  electromechanical 
characteristics  depart  significantly  from  the  conventional  linear  piezoelectric  relationships  due  to  the 
loss  and  nonlinear  behavior  in  terms  of  elastic  and  dielectric  properties.  In  this  paper,  we  present 
results  concerning  the  development  of  modified  Pb(Mgi/3Nb2/3)03-PbTi03  (PMN-PT)  ceramics  with 
improved  mechanical  quality  factors  for  high-power  application.  We  have  focused  efforts  on  base 
PMN-PT  compositions  close  to  the  morphotropic  phase  boundary.  Evidence  will  be  presented  which 
indicates  that  the  improved  mechanical  quality  factor  results  from  the  introduction  of  “hard” 
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characteristics  into  PMN-PT  by  the  substituents.  Investigations  of  the  nonlinearity  of  the 
electromechanical  properties  on  the  vibrational  amplitude  were  performed  using  a  constant 
displacement  method.  The  degradation  of  the  mechanical  quality  factor  with  increasing  drive 
amplitude  also  presents  thermal  stability  problems  for  the  usage  of  these  materials  in  high  power 
transducer  applications. 

KEYWORDS:  PMN-PT,  MPB,  high-power  piezoelectric,  mechanical  quality  factor,  nonlinearity 
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1. 


Introduction 


Piezoelectric  ceramics  have  been  studied  for  many  years,  but  only  recently  that  interests  have 
arisen  to  use  them  as  high-power  electro-acoustic  projectors/sources  such  as  ultrasonic  motors  and 
transformers.  However,  when  these  materials  are  electrically  driven  to  high  mechanical  vibration 
levels  near  resonance,  the  electromechanical  property  characteristics  depart  significantly  from  the 
conventional  linear  piezoelectric  relationships1"4^.  The  deviations  are  due  to  the  presence  of  nonlinear 
contributions  in  both  the  real  and  imaginary  components  of  the  apparent  dielectric,  electromechanical, 
and  elastic  responses.  Experimentally,  with  respect  to  standard  piezoelectric  resonance  methods, 
several  effects  are  known  to  occur  under  high  vibration  level  excitations.  These  include:  (i)  a  shift  of 
the  resonance  frequency1  ),2);  (ii)  a  decrease  of  the  mechanical  quality  factor  Qm4);  (iii)  an  appearance  of 
a  jump  and/or  a  hysteresis  in  the  admittance  spectrum  during  a  frequency  sweep1),2);  and  (iv)  heat 
generation  (due  to  the  lower  Qm)  that  not  only  degrades  the  electromechanical  properties^,  but  also 
may  result  in  thermal  stability  problems  for  transducer  engineers. 

The  current  lack  of  a  deterministic  understanding  of  these  nonlinearities  presents  a  serious 
problem  for  their  usage  in  high  power  applications.  Available  piezoelectric  data  on  lead  zirconate 
titanate  (PZT)  and  lead  magnesium  niobate  lead  titanate  (PMN-PT)  ceramics  have  generally  been 
obtained  only  under  small  fields.  A  few  researchers  have  investigated  the  behavior  of  piezoelectric 
materials  under  high  power  driving  conditions.  Beige  and  Schmidt  have  shown  the  presence  of  strong 
non-linearities  in  the  dielectric,  piezoelectric,  and  elastic  responses.  These  studies  were  performed 
using  a  resonance  method  and  demonstrated  the  presence  of  strong  asymmetries  in  resonance  curves. 
Phenomelogical  analysis  demonstrated  that  the  source  of  all  three  types  of  non-linearities  was  due  to 
the  acentric  nature  of  the  polarization.  Also,  Takahashi  et  al.4)  have  reported  high-power 
measurements  on  piezoelectric  materials  by  using  constant  vibration  velocity  method.  In  this  method, 
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the  vibration  velocity  of  the  specimen  is  held  constant  by  varying  the  applied  voltage  as  the  frequency 
is  swept  through  the  natural  resonance  mode  of  the  specimen.  With  this  constant  vibrational  velocity 
method,  asymmetries  or  hysteresis  jumps  in  the  admittance  spectrum  can  be  avoided.  This  method  has 
been  applied  to  materials  such  as  lead  zirconate  titanate  (PZT)  modified  with  Nb  and  Fe,  lead 
.manganese  antimonate-lead  magnesium  niobate-lead  titanate  (PMS-PMN-PT),  and  lead  manganese 
antimonate-lead  zirconate  titanate  (PMS-PZ-PT).  In  general,  it  has  been  found  that  with  increasing 
vibration  level,  the  mechanical  quality  factor,  Qm,  is  decreased  dramatically.  Tashiro  et  al.5)  have  also 
reported  a  temperature  rise  during  high  drive  level  conditions  in  PZT-based  materials  using  this 
method. 

Undoubtedly,  domain  wall  motions/vibrations  contribute  significantly  to  the  electromechanical 
and  mechanical  non-linearities.  In  addition,  they  will  significantly  impact  the  imaginary  components 
of  the  responses.  It  is  well  known  that  the  dielectric  loss  factor  depends  dramatically  on  the  amplitude 
of  AC  electrical  field.  The  large  loss  factors  under  moderate  drives  results  in  the  conversion  of  a 
significant  amount  of  the  stored  electrical  energy  into  heat.  Domain  wall  motion/vibrations  will  also 
contribute  significantly  to  the  apparent  piezoelectric  and  mechanical  loss  factors6 1 .  In  general,  these 
loss  factors  have  been  shown  to  be  directly  related  to  the  dielectric  loss  factor.  Also,  previous  internal 
friction  investigations  of  martensitic  phases  under  AC  mechanical  excitation  have  revealed  the 
presence  of  strong  nonlinearities  in  the  mechanical  quality  factor  with  increasing  drive  levels  .  These 
nonlinearities  result  from  a  stress  dependence  of  the  unrelaxed  moduli.  With  increasing  AC  drive,  the 
unrelaxed  moduli  are  driven  towards  the  relaxed  condition,  resulting  in  ferroelastic  domain  boundary 
motion  and  a  significant  decrease  in  the  mechanical  quality  factor.  Clearly,  in  systems  containing 
ferroelectric  or  ferroelastic  (proper  or  improper)  domain  boundaries,  phase  angles  are  dominantly 


4 


controlled  by  the  dynamics  of  domains.  In  ferroelectric  systems,  both  the  dielectric  and  mechanical 
quality  factors  will  be  dominated  by  the  dynamics  of  ferroelectric  domains. 

In  high-power  applications,  heat  generation  limits  the  application  of  many  potential  materials. 
“Soft”  piezoelectric  materials  are  known  to  have  significantly  higher  performance  coefficients,  relative 
to  hard  materials9).  However,  the  enhanced  performance  of  “soft”  materials  can  not  be  taken  advantage 
of  during  high  power  applications,  due  to  thermal  stability  conditions  in  transducer  design.  Rather,  the 
only  materials  which  can  be  used  in  these  applications  are  “hard”  piezoelectrics.  These  materials  have 
significantly  degraded  piezoelectric  coefficients  and  electromechanical  coupling  coefficients,  relative 
to  “soft”  one.  The  near  linear  nature  of  the  polarization  under  drive  in  “hard”  materials  results  in  much 
reduced  hysteretic  losses  on  cycling  of  a  field.  The  reduced  losses  of  “hard”  materials  result  from  a 
domain  wall  pinning  by  defect  dipoles.  In  general,  it  has  been  observed  that  higher  valent  substituents 
induced  “soft”  behavior,  whereas  lower  valent  ones  induced  “hard”  behavior9*. 

Ideally,  for  high  power  transducer  applications,  one  wants  the  combination  of  high 
electromechanical  performance  of  “soft”  piezoelectrics,  with  the  low  hysteretic  losses  of  “hard”  ones. 
Another  alternative  is  the  electrostrictive  relaxor  ferroelectrics,  which  develops  piezoelectric  properties 
under  DC  bias10*.  These  materials  have  slim  quadratic  hysteresis  loops,  but  as  of  yet,  their  application 
in  high  power  transducers  has  also  been  limited  in  part  by  thermal  stability  considerations.  One  of  the 
purposes  of  this  work  was  to  attempt  to  develop  PMN-PT  ceramics  which  had  been  modified  by 
substituents  which  might  induce  some  degree  of  “hard”  characteristics.  High-power,  high-Q  PMN-PT 
based  ceramics  would  have  important  applications  in  actuators  and  transducers. 

This  paper  focuses  on  the  high-power  piezoelectric  characteristics  of  Pb(Mgi/3Nb2/3)03-PbTi03 
(PMN-PT)  based  ceramics  which  have  been  modified  with  Fe  or  Mn.  The  perovskite  lead  magnesium 
niobate  Pb(Mgi/3Nb2/3)03  (PMN)  is  a  well-known  relaxor  with  a  diffuse  phase  transition12*’13*.  The 
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piezoelectric  properties  of  PMN  can  be  enhanced  by  the  addition  of  PT14).  The  PMN-PT  solid  solution 
system  exhibits  a  morphotropic  phase  boundary  (MPB)  between  a  pseudo-cubic  and  a  tetragonal  phase 
at  about  30-35  mole  %  of  PT,5).  The  dielectric  and  piezoelectric  constants  for  materials  near  the  MPB 
are  abnormally  high  as  reported  by  many  researchers,  such  as  LejeuneI6).  Although  the  PMN-PT 
system  has  been  actively  studied  for  a  small  electric-field  response,  the  characterization  for  high  power 
applications  has  seldom  been  made. 

2.  Sample  Preparation  and  Experimental  Procedure 

PMN-PT  powders  were  formed  using  the  columbite  precursor  method  developed  by  Swartz 
and  Shrout17.  In  this  method,  the  formation  of  a  parasitic  pyrochlore  phase  (Pb3Nb40i3)  is  eliminated. 
Specimens  were  prepared  for  compositions  close  to  the  morphotropic  phase  boundary  (MPB)  with  a 
PT-content  of  33  at.%  (i.e.,  0.67PMN-0.33PT).  This  composition  will  be  referred  to  as  PMN-PT 
through  the  remaining  portions  of  this  paper.  Modified  PMN-PT  ceramics  were  prepared  using  Fe  or 
Mn  substituents.  These  particular  substituents  were  chosen  in  PZT  they  are  conventionally  used  for 
making  the  properties  “harder”. 

In  the  first  stage  of  powder  preparation  (columbite  precursor  step),  MgO  and  Nb2Os  powders 
were  mixed  in  a  stoichiometric  ratio.  After  calcination  at  1200°C  for  4hrs,  a  precursor  columbite 
phase,  MgNb206,  was  formed.  Single  phase  columbite  formation  was  confirmed  by  X-ray  diffraction. 
In  the  second  stage,  the  columbite  precursor  was  mixed  in  stoichiometric  ratios  with  PbO  and  Ti02.  In 
order  to  insure  proper  mixing  of  a  30  vol.%  slurry  with  de-ionized  water,  careful  dispersion  was 
performed  by  pH  adjustments  using  ammonia,  thus  reducing  both  steric  hindrance  and  electrostatic 
repulsion  (pH  adjustment  by  ammonia).  The  slurry  was  vibratory-milled,  dried  and  then  calcined  at 
700°C  for  4  hours.  The  calcined  powders  were  examined  by  x-ray  diffraction  to  insure  phase  purity. 
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The  powders  were  then  fabricated  into  green  bodies  by  cold  isostatic  pressing  (CP),  in  order  to 
increase  the  green  body  densities  and  reduce  the  deformation  due  to  the  inhomogeneous  pressure. 
Sintering  was  then  performed  in  a  Pb-rich  atmosphere  by  placing  a  small  amount  of  mixed  powders  of 
PbO  and  Z1O2  in  a  closed  crucible  to  reduce  PbO  volatility.  Different  sintering  temperatures  and  times 
.  were  tested,  in  order  to  best  determine  the  sintering  profiles  for  the  different  samples.  After  sintering, 
the  samples  were  cut  and  polished  to  40mmx5mmxlmm  rectangular  plates.  Gold-sputtering  was  then 
used  to  deposit  electrodes  on  both  surfaces.  Finally,  the  specimens  were  poled  by  being  immersed  in 
silicon  oil  at  100°C  and  with  an  applied  field  of  ~2.5  kV/mm  for  20  min. 

Scanning  electron  microscopy  (SEM)  with  energy  dispersion  x-ray  spectroscopy  (EDS)  (Model 
HITACHI  S-3500N  made  by  Philips)  was  used  to  check  the  grain  sizes  and  the  composition 
homogeneity  of  the  specimens.  The  dielectric  properties  were  measured  using  a  computer  controlled 
HP  4284A  LCR  meter.  Temperature  dependent  measurements  were  performed  using  a  FLUKE  8840 
multimeter  in  conjunction  with  a  Delta  Design  environmental  chamber  in  the  temperature  range 
between  25  and  250°C.  Dielectric  measurements  were  performed  both  before  and  after  poling.  The 
polarization  and  strain  were  then  simultaneously  measured  as  a  function  of  an  applied  AC  electrical 
field.  The  P-E  behavior  measured  using  a  computer  controlled  modified  Sawyer-Tower  circuit.  Low 
frequency,  hysteresis  data  were  obtained  using  a  bipolar  triangle  waves  at  room  temperature.  The 
system  measured  the  e-E  behavior  using  an  inductance  (LVDT)  method.  The  electromechanical 
properties  were  determined  by  measurement  of  impedance  spectra  under  low  level  constant  voltage 
drive  using  a  HP4194,  and  by  measurements  of  impedance  spectra  at  different  vibration  velocities 
under  constant-current  driving  conditions.  In  the  constant  current  method,  the  voltage  applied  to  the 
specimen  is  varied  as  the  frequency  is  varied  through  that  of  the  natural  resonance  in  a  manner  which 
results  in  a  constant  vibration  velocity.  This  method  avoids  asymmetric  resonance  curves,  which  are 
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known  to  be  problems  in  impedance  measurements  under  high  drive  power  conditions  .  Figure  1 
shows  the  block  diagram  of  this  constant  current  method.  Further  information  concerning  this  method 
has  previously  been  published4^. 

3.  Results  and  discussions 

3.1  Crystallographic  and  microstructures 

X-ray  diffraction  patterns  are  shown  in  Figure  2(a)  for  specimens  with  0,  1,  1.7,  2.5,  and  3.2 
at.%  Mn.  The  pyrochlore/perovskite  phase  ratios  by  volume  were  much  less  than  0.1%  for  all  these 
compositions.  Clearly,  the  Mn-modified  specimens  used  in  this  investigation  were  nearly  phase  pure. 
However,  for  a  Mn  content  of  3.2  at.%,  a  small  additional  peak  was  observed  close  to  the  perovskite 
200  peak,  indicating  small  concentrations  of  a  secondary  phase  either  associated  with  pyrochlore 
formation  or  Mn-exsolution.  The  lattice  constants  were  determined  from  this  data.  A  plot  of  the  lattice 
constant  as  a  function  of  Mn-concentration  is  shown  in  Figure  2(b).  From  the  data  in  this  figure,  it  can 
be  seen  that  the  pseudo-cubic  structure  does  not  change  significantly  with  varying  Mn  doping 
concentration,  over  the  range  investigated.  Similarly,  phase  pure  perovskite  materials  were  found  by 
X-ray  diffraction  for  Fe-modified  PMN-PT. 

Grain  sizes  were  determined  for  Fe-  and  Mn-modified  specimens  for  various  substituent 
concentrations  by  SEM,  as  shown  in  Figure  3(a).  The  grain  size  of  the  unmodified  base  PMN-PT 
composition  was  found  to  be  about  5  pm.  Upon  modification  with  Fe,  the  average  grain  size  was 
found  to  decrease  to  about  3  pm  for  x=l  at.%  and  remained  unchanged  with  further  increase  in  Fe 
concentration.  For  the  Mn-modified  materials,  the  average  grain  size  was  found  to  be  about  5  pm, 
which  is  equal  to  that  of  the  unmodified  base  composition.  These  data  clearly  demonstrate  minor 
microstructural  changes  with  compositional  modification  and  with  increasing  substituent 
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concentrations.  Consequently,  changes  in  properties  with  increasing  substituent  concentrations  can  not 
be  attributed  to  changes  in  microstructural  characteristics  associated  with  the  polycrystalline  nature  of 
the  material.  Rather,  such  changes  will  need  to  be  explained  based  on  changes  in  structural-chemical- 
property  relationships. 

The  possibility  of  secondary  phase  formation  was  further  investigated  using  the  EDS 
attachment  to  the  SEM.  Small  quantities  of  secondary  phases  were  observed  near  grain  boundaries  for 
the  Mn-modified  materials.  EDS  analysis  revealed  that  the  local  composition  of  these  regions  were 
rich  in  Mn  and  Mg.  This  result  indicates  that  Mn  does  have  a  limited  solubility  in  the  PMN-PT 
perovskite  phase,  tending  to  exsolve  at  concentrations  in  excess  of  about  3  at.%.  Similarly,  Fe 
substituents  are  known  to  have  limited  solubility  in  PZT,  limiting  their  concentrations  in  the 
fabrication  of  “hard”  piezoelectric  ceramics.  Thus,  in  our  investigations,  substituent  concentrations  in 
excess  of  3.2  at.%  were  not  investigated. 

3.2  Weak  field  properties 
3.2.1  F  e-modified  PMN-PT 

Figure  4  shows  the  mechanical  quality  factor  (Qm)  and  d33  value  for  Fe-modified  PMN-PT  as 
a  function  of  Fe-concentration.  The  mechanical  quality  factor  was  found  to  be  approximately  75  and  to 
be  nearly  independent  of  Fe-concentration  over  the  compositional  range  investigated.  These  values  are 
close  to  those  found  for  conventional  “soft”  piezoelectrics,  such  as  La-modified  PZT  (PLZT)  or  Nb- 
modified  PZT4),5)’18).  In  these  cases,  the  relatively  large  mechanical  losses  are  believed  to  be  directly 
due  to  the  large  dielectric  losses  that  are  incurred  under  small  electrical  drives.  In  “soft”  materials, 
large  losses  occur  due  to  domain  boundary  vibrations  or  excitations  that  are  readily  stimulated  under 
weak  ac  drive  conditions. 
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The  results  in  Figure  4  are  contradictory  to  that  observed  for  Fe-modified  PZT4),5),9).  In  both 
cases,  Fe  is  substituted  onto  the  B-cation  sites.  But,  in  PZT-based  materials,  Fe-modification  results  in 
the  development  of  “hard”  piezoelectric  behavior  and  consequently  an  enhanced  mechanical  quality 
factor.  Whereas  in  PMN-PT  based  materials,  Fe-modification  results  in  the  preservation  of  “soft” 
piezoelectric  behavior  and  no  change  in  the  mechanical  quality  factor.  Obviously,  something  different 
is  occurring.  A  possible  explanation  resides  in  the  consideration  of  the  multiple  B-cation  sites  that  are 
available  for  substituent  occupancy  in  PMN-PT.  In  PZT  based  materials,  Fe  substitution  on  the  B-site 
must  result  in  the  displacement  of  a  +4  cation  (Zr  or  Ti)  for  a  +3  one  (Fe).  However,  in  PMN-PT  based 
materials,  Fe  substitution  on  the  B-site  can  result  in  either  the  displacement  of  a  +2  (Mg),  a  +4  (Ti)  or 
a  +5  (Nb)  cation.  The  B-site  cation  sublattice  that  the  Fe  (+3)  preferentially  occupies  will  have  a 
significant  impact  upon  the  charge  compensation  mechanism,  and  consequently  upon  the  nature  of  the 
defects  that  are  introduced  into  the  structure  that  subsequently  interact  with  domains.  The  lack  of 
changes  in  the  mechanical  quality  factor  of  PMN-PT  with  increasing  Fe-concentration  indicates  that 
the  Fe-substituents  may  prefer  to  occupy  the  lower  valent  sites. 

3.2.2  Mn-modified  PMN-PT 

To  induce  “hard”  characteristics  in  PMN-PT,  it  will  be  necessary  to  modify  the  base 
composition  with  a  lower  valent  substituent  on  a  higher  valent  site,  similar  to  that  for  PZT9.  In  mixed 
B-site  cation  materials,  identification  of  a  lower  valent  substituent  is  not  straight  forward,  as  discussed 
above.  In  the  course  of  this  work,  various  other  modified  PMN-PT  compositions  were  fabricated. 
Interesting  results  were  found  for  Mn-modified  PMN-PT.  Data  are  shown  in  Figures  5(a)-(d)  for  these 
materials. 
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Figure  5(a)  shows  the  mechanical  quality  factor  as  a  function  of  Mn-concentration.  The 
unmodified  base  composition  had  a  Qm  of  approximately  75,  as  reported  above.  Upon  modification 
with  one  at.%  Mn,  the  mechanical  quality  factor  increased  to  about  400.  Upon  further  increment  of  the 
Mn  concentration,  Qm  peaked  at  about  600  for  x=2.2  at.%.  At  higher  concentrations,  the  value  of  Qm 
.decreased  slightly.  Clearly,  the  mechanical  quality  factor  is  increased  significantly  by  Mn 
modification.  The  increment  in  the  mechanical  quality  factor  indicates  that  the  PMN-PT  properties 
may  become  increasingly  “hard”  with  moderate  Mn  concentrations.  “Hardening”  of  piezoelectric 
behavior  is  believed  to  occur  due  to  a  pinning  of  domains  by  dipolar  defects  at  domain  boundaries^. 
Thus,  the  domain  boundaries  can  not  dissipate  mechanical/electrical  energies  under  weak  drives. 
Before  dielectric  or  mechanical  absorption  can  occur,  the  domain  depinning  must  be  stimulated. 

Further  evidence  of  the  “hardening”  of  the  PMN-PT  electromechanical  behavior  can  be  seen  in 
Figures  5(b)-(d).  In  Figure  5(b),  the  piezoelectric  coefficient  (d3i)  is  shown  as  a  function  of  Mn 
concentration.  With  increasing  Mn  concentration,  the  value  of  d3i  can  be  seen  to  decrease 
dramatically.  Upon  increment  of  the  Mn  content  between  0  and  1  at.%,  the  value  of  d3i  decreased  by 
approximately  50%.  In  Pb-based  perovskites,  the  piezoelectric  constant  at  room  temperature  is 
believed  to  be  dominantly  due  to  domain  wall  contributions19.  In  fact,  in  PZT,  Landau-Devonshire 
analysis  has  revealed  that  the  intrinsic  (single  ciystal  single  domain)  response  can  account  for  only 
about  20-25%  of  the  experimentally  observed  values.  The  remaining  portions  of  the  piezoelectric 
response  have  been  attributed  to  domain  wall  contributions.  Consequently,  modification  of  PMN-PT 
or  PZT  base  compositions  with  impurities  and/or  defects  which  tend  to  pin  domain  boundaries  will 
result  in  dramatic  decreases  in  the  piezoelectric  response.  In  fact,  “hard”  PZT  materials  are  well  known 
to  have  significantly  lower  electromechanical  performance  coefficients  for  this  particular  reason.  The 
data  shown  in  Figure  5(b)  is  consistent  with  the  conjecture  that  Mn  modification  results  in  a  partial 
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“hardening”  of  the  piezoelectric  behavior  of  PMN-PT.  Also,  the  elastic  compliance  (snE)  is  shown  in 
Figure  5(c)  as  a  function  of  Mn  concentration.  With  increasing  Mn  concentration,  the  elastic 
compliance  was  found  to  decrease  by  about  40%,  i.e.,  the  elastic  constant  stiffened.  Domain  boundary 
motion  is  a  dissipative  phenomenon  which  results  in  a  softening  of  the  elastic  constant,  as  is  well 
known  in  ferroelastic  and  martensitic  materials8,20.  Thus,  pinning  of  domain  boundaries  would  result  in 
a  stiffening  of  the  linear  elastic  constant.  In  general,  as  an  unrelaxed  elastic  modulus  (i.e.,  the 
mechanical  quality  factor)  is  decreased,  more  elastic  energy  can  be  stored  within  the  specimen  during 
a  cycle  of  a  field8).  Consequently,  the  relaxed  modulus  (i.e.,  the  elastic  stiffiiess)  is  increased. 

The  electromechanical  coupling  coefficient  as  a  function  of  Mn  concentration  is  shown  in 
Figure  5(d).  The  value  of  the  coupling  coefficient  can  be  seen  to  vary  some  between  0  and  3.2  at.%, 
but  the  value  remains  in  the  vicinity  of  0.30.  The  coupling  factor  does  not  decrease  with  increasing  Mn 
concentration,  as  the  value  of  d33  is  decreased.  This  is  because  the  elastic  constant  is  stiffened,  as  the 
piezoelectric  constant  is  decreased.  Less  displacement  is  occurring  under  electrical  drive  in  the  Mn- 
modified  materials,  however  the  displacement  has  greater  force  due  to  the  enhanced  elastic  stiffiiess. 
Thus,  the  electromechanical  coupling  coefficient  between  stored  electrical  and  mechanical  energy 
forms  is  not  significantly  altered. 

The  dielectric  responses  of  the  Mn-modified  PMN-PT  specimens  are  shown  in  Figure  6.  Figure 
6(a)  shows  the  102  Hz  room  temperature  dielectric  constant  and  loss  as  a  function  of  Mn  concentration. 
The  dielectric  constant  and  dielectric  loss  factor  were  both  decreased  by  about  50%  with  increasing 
Mn  concentration  between  0  and  3.2  at.%.  The  temperature  dependent  characteristics  of  the  dielectric 
constant  for  these  specimens  are  shown  in  Figure  6(b).  The  temperature  of  the  dielectric  constant 
maximum,  which  is  the  effective  phase  transition  temperature,  was  nearly  independent  of  the  Mn 
concentration.  However,  the  magnitude  of  the  dielectric  constant  was  significantly  altered  over  a  wide 
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temperature  range.  In  the  temperature  range  below  about  150°C,  the  dielectric  constant  was 
continuously  decreased  with  increasing  Mn  concentration,  as  illustrated  in  Figure  6(b).  In  the 
temperature  range  between  about  150°C  and  Tmax>  the  dielectric  constant  was  increased  by  Mn 
modification.  However,  at  temperatures  above  Tmax,  the  dielectric  constant  was  decreased  by  Mn 
modification.  Furthermore,  in  this  temperature  range,  the  dielectric  constant  was  strongly  dependent 
upon  small  Mn  concentrations  (<1  at.%),  but  was  nearly  independent  upon  further  increments  in 
concentrations. 

The  changes  in  the  Mn-dependence  of  the  dielectric  constant  with  temperature  might  be 
explained  by  considering  the  influence  of  pinning  upon  the  domain  dynamics.  In  the  lower  temperature 
range  (25  to  150°C),  domains  may  be  pinned  by  defects  induced  by  Mn  modification.  Increasing  Mn 
concentration  then  results  in  enhanced  pinning  effects,  and  thus  a  reduction  in  the  magnitude  of  the 
dielectric  constant.  However,  with  increasing  temperature,  thermal  energy  may  be  sufficient  to  cause  a 
depinning  of  domains.  Over  a  narrow  temperature  range  near  Tmax,  the  enhancement  of  the  dielectric 
constant  by  Mn  modification  may  occur  due  to  the  dynamics  of  domain  depinning  under  thermal 
fluctuations.  Stronger  dielectric  losses  were  also  observed  in  this  temperature  range,  as  shown  in 
Figure  6(c).  Enhanced  dielectric  absorption  with  increasing  Mn  concentration  can  be  understood  on 
the  basis  of  domain  depinning  effects. 

The  suppression  of  the  dielectric  constant  near  and  above  Tmax  by  Mn  modification,  which  was 
nearly  independent  of  concentration  for  x>l  at.%,  may  reflect  the  influence  of  defects/impurities  on 
the  residual  nature  of  the  diffuse  phase  transition  in  PMN-PT.  Further  evidence  in  support  of  this 
possibility  can  be  seen  in  Figure  6(d),  which  shows  the  temperature  dependent  dielectric  data  taken  at 
various  frequencies  (100,  lk,  10k,  100kHz)  for  undoped  and  Mn-modified  specimens  (x=2.5  at.%).  In 
the  unmodified  material,  a  slight  frequency  dependence  was  observed  only  over  a  narrow  temperature 
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range  about  TmaX.  However,  upon  Mn  modification,  much  stronger  frequency  dispersion  was  induced. 
In  PMN-PT  materials,  over  a  wide  range  of  PT  contents,  a  local  polarization  is  known  to  persist  until 
about  320°C21).  The  data  in  Figure  6(d)  indicate  that  Mn  modification  results  in  changes  in  the  local 
polarization  formation  and  the  subsequent  dynamics  of  the  polarization  fluctuations.  However,  Mn 
.  does  not  induce  relaxor  behavior  in  the  lower  temperature  states.  Rather,  defect-domain  interactions 
seemingly  occur  which  result  in  domain  pinning.  Further  evidences  of  domain  pinning  can  be  found  in 
the  strong  field  properties. 

3.3  Strong  field  properties  of  Mn-modified  PMN-PT 

3.3.1  Polarization  and  strain  behavior 

The  P-E  behaviors  are  shown  in  Figures  7(a)-(d)  for  x=0,  1,  2.5,  and  3.2  at.%  Mn,  respectively. 
Correspondingly,  the  S-E  behaviors  are  shown  in  Figures  7(e)-(h).  With  increasing  Mn  concentration, 
the  saturation  polarization  and  remanent  polarizations  are  decreased,  whereas  the  coercive  field  is 
increased.  These  results  are  consistent  with  the  conjecture  that  Mn  induces  a  degree  of  “hardness”  into 
PMN-PT.  In  “hard”  PZTs,  domain  pinning  by  dipolar  defects  internally  biases  the  polarization.  Poling, 
then,  results  in  the  development  of  a  net  dipolar  field  and  an  asymmetric  hysteresis  loop9),22).  However, 
in  the  quenched  state,  random  dipolar  fields  are  believed  to  reduce  the  switchable  polarization,  as  can 
also  be  observed  in  Figure  7.  Defect  pinning  enhances  the  squareness  of  the  P-E  curves,  and  at  the 
same  time  also  reduces  the  switchable  polarization.  Under  low  to  moderate  drive  levels,  reduced 
energy  losses  will  be  incurred  under  cycling  of  an  AC  electrical  field.  However,  if  a  threshold  field  is 
exceeded  and  domain  depinning  occurs,  the  energy  lost  per  cycle  will  increase  dramatically. 

“Hardening”  of  the  P-E  behavior  with  increasing  Mn  concentration  also  results  in  reduced 
electrically  induced  strains,  as  shown  in  Figures  7(e)-(h).  In  these  figures,  it  can  be  seen  that  the 
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saturation  strain  decreases  from  ~0.3%  to  0.2%  with  increasing  Mn  concentration  between  0  and  3.2 
at.%.  In  addition,  the  degree  of  hysteresis  in  the  butterfly-like  loops  is  also  significantly  increased, 
similarly  the  value  of  the  piezoelectric  coefficient  was  reduced  (see  Figure  7(a)-(d)).  These  results 
demonstrate  that  increasing  “hardness”  in  PMN-PT  ceramics  results  in  decreased  electromechanical 
.performance.  Higher  mechanical  quality  factors  and  lower  energy  dissipations  may  be  achieved  under 
low  to  moderate  drives  with  increasing  Mn  concentration,  however  electromechanical  performance  is 
also  degraded.  Similar  trade-offs  exist  in  modified  PZT  ceramics  between  “hard”  and  “soft”  varieties. 


3.3.2  Amplitude  dependent  electromechanical  properties 

For  a  longitudinal  d3i  mode  with  both  ends  of  the  sample  are  mechanically  free,  the 
relationship  between  vibration  velocity  v  and  the  driving  field  E<jo  can  be  written  as  given  in  following 
equation 


-  AtE  ,A  +  Zv  =  0 
av 

and 
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v  =  • 
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where  A  is  the  force  factor,  t  is  the  thickness,  Z  is  the  mechanical  impedance  at  the  end  of  the  sample, 
p  is  the  density,  S33T  is  the  relative  permittivity  at  constant  stress,  and  k3i  is  the  coupling  factor.  From 
the  resonance  frequency  and  the  maximum  displacement  4m  at  the  ends  of  the  specimen,  the  vibration 
velocity  (v)  can  be  estimated  by  the  following  equation  . 
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Figure  8  shows  the  room  temperature  impedance  spectra  for  PMN-PT  modified  with  3.2  at.% 
Mn.  Data  are  shown  for  various  vibration  velocities.  This  data  was  taken  using  the  constant 
current/displacement  method,  which  is  illustrated  in  Figure  1. 

The  impedance  spectra  in  Figure  8  clearly  demonstrate  significant  changes  with  increasing 
vibration  velocity.  The  vibration  velocity  is  linearly  proportional  to  the  AC  electrical  drive  field.  With 
increasing  vibration  velocity,  the  minimum  in  the  impedance  is  shifted  in  frequency.  The  frequency  of 
minimum  impedance  represents  a  characteristic  frequency  at  which  the  amplitude  displacement  is 
most  susceptible  to  small  electrical  drives.  At  low  vibration  velocities,  the  resonance  frequency  did  not 
shift  much  with  increasing  velocity  in  the  range  of  0.027  to  0.041  m/sec,  although  significant  changes 
in  impedance  were  observed.  However,  with  increasing  vibration  velocity  between  0.041  and  0.122 
m/sec,  significant  changes  in  both  the  frequency  and  impedance  were  observed.  At  further  increments 
in  the  drive  velocity,  significant  changes  in  frequency  were  observed,  although  the  magnitude  of  the 
impedance  was  not  changed  significantly.  Also,  changes  in  the  curvatures  of  the  impedance  spectra 
can  be  seen  with  increasing  vibration  velocity. 

These  results  clearly  demonstrate  the  presence  of  nonlinearities  in  the  complex  elastic 
response,  which  are  stimulated  under  electrical  drive.  The  shift  in  the  characteristic  frequency  indicates 
the  presence  of  higher  order  elastic  constants.  The  shifting  to  lower  frequencies  is  due  to  a  softening  of 
the  elastic  stiffness  under  excitation.  The  changes  in  the  impedance  magnitude  reflect  changes  in  the 
drive  amplitude  required  to  achieve  a  constant  displacement.  The  decrease  in  the  changes  in 
impedance  at  higher  drive  levels  indicates  the  presence  of  a  positive  third  order  nonlinear  damping. 
However,  to  be  more  accurate,  it  is  necessary  to  calculate  the  dependence  of  the  elastic  constant  and 
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mechanical  quality  factor  on  the  vibration  velocity.  To  achieve  this,  we  used  equation  (4)  to  calculate 
the  observed  mechanical  quality  factor  Qm  near  the  resonance  frequency,  where  Vd  is  the  driving 
voltage  at  a  frequency  fi  and  f2=fr2/fi,  Vdo  is  the  driving  voltage  at  the  resonance  frequency  fr,  and  kp  is 
then  equal  to  (Vd-Vd0)/Vd0 

Q  =  fr  -  /k  (k  +2)  (4). 

m  f2~f i  v  P  P 

Figure  9(b)  shows  the  dependence  of  the  resonance  frequency  on  the  vibration  velocity.  This 
data  could  also  have  been  shown  as  a  function  of  AC  electrical  drive,  because  the  driving  voltage  is 
linearly  proportional  to  the  vibration  velocity  for  low  field  and  become  nonlinear  when  the  field 
becomes  large,  as  shown  in  Figure  9(a).  From  the  data  in  Figure  9(b),  the  corresponding  data  for  the 
dependence  of  the  elastic  compliance  was  calculated,  as  shown  in  Figure  9(c).  In  both  figures,  data  are 
shown  for  specimens  with  various  Mn  concentrations.  In  these  figures,  the  elastic  stiffness  (and  the 
resonance  frequency)  can  be  seen  to  increase  with  increasing  Mn  concentration.  Similar  results  were 
shown  earlier  in  section  3.2.  The  data  also  reveals  that  the  elastic  stiffness  decreases  with  increasing 
vibration  velocity  for  all  specimens  investigated.  However,  the  degree  of  elastic  nonlinearity  was 
decreased  significantly  with  increasing  Mn  concentration. 

Figure  9(d)  shows  the  dependence  of  the  mechanical  quality  factor  on  the  vibration  velocity  for 
specimens  with  various  Mn  concentrations.  For  the  base  composition,  the  value  of  Qm  was  low  and 
decreased  from  ~75  to  35  with  increasing  vibration  velocity  between  0.04  and  0.1  m/sec.  In  the 
vibration  velocity  range  investigated,  no  threshold  was  found  below  which  nonlinearity  in  Qm  did  not 
occur.  However,  these  trends  were  significantly  altered  by  Mn  modification.  For  Mn  concentrations 
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greater  than  or  equal  to  1  at.%,  the  value  of  Qm  was  dramatically  increased  and  a  pronounced  threshold 
in  the  vibration  velocity  was  observed  below  which  nonlinearity  in  Qm  was  not  found.  This  threshold 
velocity  was  equal  to  ~  0.1  m/sec,  and  was  not  observed  to  be  dependent  upon  the  Mn  concentration 
for  l<x<3.2  at.%.  With  increasing  vibration  velocity  above  that  of  the  threshold,  the  value  of  Qm 
decreased  rapidly,  beginning  to  approach  that  of  the  base  composition  for  higher  drive  levels.  Also,  the 
value  of  Qm  was  different  for  the  various  Mn  modified  compositions  at  a  constant  drive  level,  however 
the  degree  of  change  in  Qm  with  increasing  drive  level  was  relatively  constant. 

We  believe  that  the  nonlinearities  in  Qm  and  in  the  elastic  stiffness  can  be  best  explained  by 
considering  domain  dynamics  and  domain  pinning  effects.  As  discussed  in  section  3.2,  mechanical 
damping  is  incurred  due  to  domain  wall  vibrations.  Nonlinearity  in  Qm  occurs  when  the  domain  wall 
dynamics  are  driven  by  external  excitation.  Consequently,  the  relaxed  modulus  (i.e.,  the  elastic 
stiffness)  is  decreased,  as  less  elastic  energy  can  be  stored  within  the  specimen  during  a  cycle  of  a 
field.  In  the  base  composition,  domain  pinning  effects  may  not  exist.  Consequently,  no  threshold 
vibration  velocity  is  observed.  However,  in  Mn  modified  materials,  before  domain  dynamics  can  be 
excited,  domain  breakaway  (depinning  domains  from  defects)  would  have  to  be  driven  by  the  external 
field.  Consequently,  the  mechanical  quality  factor  would  be  high  at  low  and  moderate  drive  levels,  but 
would  decrease  significantly  as  a  critical  field  level  is  surpassed. 

The  data  in  Figure  9  provide  important  information  concerning  the  role  of  Mn  in  PMN-PT 
ceramics.  The  nonlinear  complex  elastic  data  provide  the  strongest  support  presented  in  this  paper 
concerning  the  presence  of  domain  pinning  effects.  It  also  clearly  underscores  the  limitations  of  these 
materials  in  applications  requiring  high-power  density,  high-Q  materials.  Our  materials  do  have  an 
improved  combination  of  properties,  i.e.,  a  high  Qm  and  good  electromechanical  properties.  However, 
the  operational  range  over  which  these  optimized  properties  can  be  realized  is  limited,  as  the  “hard” 
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characteristics  induced  in  the  PMN-PT  are  degraded  with  increasing  drive  amplitude.  The  degradation 
of  Qm  with  increasing  drive  amplitude  will  also  result  in  heat  generation  and  thermal  stability 
problems,  which  will  also  limit  the  materials  usage  as  high-power  sources. 


,3.3.3  Heat  generation  and  thermal  stability  considerations 

Heat  generation  is  one  of  the  big  problems  for  materials  under  high-level  drive  conditions.  The 
temperature  rise,  AT,  resulting  from  heat  generation  and  dissipation  effects  can  be  expressed  as 
follows; 


A  T  = 


a>  W 

— - — (1-e 
k(T)A 


(5) 


where  W  is  the  loss  energy  of  the  sample  per  driving  cycle,  ©r  the  resonant  angular  frequency,  A  the 
surface  of  the  sample,  k(T)  defined  as  the  overall  heat  transfer  coefficient ,  and  the  time  constant  x  is 
expressed  as 


Me 
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where  M  is  the  mass  of  the  sample,  and  c  is  the  specific  heat. 

As  t  — »  co,  the  maximum  temperature  rise  in  the  sample  becomes 
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The  dissipated-vibration-energy  per  second,  corW  can  then  be  calculated  as  follows, 
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where  U,  v,  Sm,  1,  V,  p,  and  k  are  the  stored  mechanical  energy,  the  vibration  velocity,  the  maximum 
strain,  the  vibrator  length,  the  volume,  the  density  and  the  shape  factor,  respectively.  The  shape  factor 
depends  on  the  vibrator  shape  and  vibration  mode. 
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Figure  10  shows  the  the  saturation  temperature  rise  induced  by  the  mechanical  damping  as  a 
function  of  the  vibration  velocity.  The  saturation  temperature  was  determined  by  balancing  the  heat 
generated  by  the  mechanical  dissipation  process  and  that  heat  radiated  after  a  period  of  time  while  the 
sample  was  being  driven  under  particular  vibrational  velocities.  From  equations  (7)  and  (8),  it  can  be 
seen  that  the  temperature  rise  is  proportional  to  the  square  of  the  vibrational  velocity  and  inversely 
proportional  to  mechanical  quality  factor.  Because  the  mechanical  quality  factor  Qm  dropped 
significantly  for  vibrational  velocities  greater  than  0.2  m/sec,  the  temperature  rise  increased  rapidly,  as 
shown  in  Figure  10.  For  a  vibrational  velocity  of  0.2  m/sec,  the  temperature  rise  was  equal  to 
approximately  20°C  for  all  Mn-modified  specimens.  This  is  large,  but  is  a  significant  improvement 
over  that  for  the  base  PMN-PT  composition,  which  will  induce  similar  temperature  rises  at 
significantly  lower  vibrational  velocities. 


In  consideration  that  the  dielectric  loss  factor  increases  with  increasing  temperature  (see  Figure 
5(c)),  the  temperature  rise  induced  by  higher  vibrational  velocities  shown  in  Figure  10  presents  a 
serious  problem  for  thermal  stability  conditions.  For  example,  assuming  a  vibrational  velocity  of  0.2 
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m/sec,  a  temperature  rise  of  20°C  is  encumbered.  This  temperature  rise  results  in  an  increase  in  the 
dielectric  loss  factor,  and  consequently  the  mechanical  quality  factor.  In  turn,  this  will  increase  the 
temperature  rise,  according  to  equation  (8),  resulting  in  yet  higher  loss  factors  and  lower  quality 
factors.  In  applications  as  high  power  transducers,  this  presents  a  serious  heat  flux/dissipation  problem. 

Our  results  are  important  in  that  they  show  significantly  improved  mechanical  quality  factors  in 
PMN-PT  ceramics  which  are  induced  by  Mn  modification.  Under  high  excitation  levels,  the 
mechanical  quality  factor  is  seriously  degraded.  Mn  modified  PMN-PT  ceramics  have  promise  for 
improved  performance  under  moderate  drive  conditions  as  high  performance  transducers  and 
actuators.  However,  the  mechanical  quality  factor  and  the  nonlinearities  induced  by  increasing 
vibrational  velocity  are  still  inferior  to  those  found  in  commercially  available  “hard”  PZT  materials, 
but  the  modified  PMN-PT  compositions  developed  in  this  investigation  have  superior 
electromechanical  properties. 

4.  Summary 

In  this  paper,  investigations  of  the  influence  of  Mn  and  Fe  substituents  on  the 
electromechanical  properties  of  PMN-PT  were  performed.  These  substituents  have  conventionally 
been  used  to  make  PZT  electrically  “harder”.  The  purpose  of  the  work  was  to  develop  high 
performance  PMN-PT  ceramics  with  significantly  improved  mechanical  quality  factors  for  higher- 
power  transducer  applications.  Our  results  show  that  Fe  substituents  do  not  significantly  affect  the 
properties  of  PMN-PT,  as  commonly  occurs  in  PZT.  However,  Mn  substituents  significantly  improve 
the  mechanical  quality  factor,  although  its  piezoelectric  constant  is  partially  compromised  in  relation 
to  the  base  composition.  Investigations  of  the  vibrational  amplitude  dependence  of  the  mechanical 
factor  revealed  a  serious  decrease  with  increasing  displacement  magnitude.  Mn-modified  PMN-PT  has 
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significant  promise  for  high  power  applications.  However,  it  will  be  necessary  not  to  exceed  a  critical 
operational  power  level  in  order  to  reduce  the  total  losses  and  subsequent  heat  generation. 
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Figure  1 :  High-power  measurement  system  with  constant  current  driving 


Figure  2:  (a)  Xray  diffraction  patterns  and  (b)  Lattice  constant  a  of 
0.67Pb(Mgi/3Nb2/3)O3-0.33PbTiO3  with  x  at.%Mn  doping 

Figure  3:  (a)Grain  size  vs.  doping  concentration  of  0.67Pb(Mgi/3Nb2/3)O3-0.33PbTiO3 
+  x  at.%  Mn  or  Fe.  (b)SEM  picture  of  0.67Pb(Mgi/3Nb2/3)O3-0.33PbTiC>3  +  3.2  at.% 
Mn 

Figure  4:  Mechanical  quality  factor  Qm  and  Piezoelectric  constant  d33  of 
0.67Pb(Mgi/3Nb2/3)O3-0.33PbTiC>3  with  x  at.%  Fe 

Figure5:  (a)  Mechanical  quality  factor  Qm  (b)  Piezoelectric  constant  d3i  (c)  Elastic 
constant  SnE  (d)  Coupling  factor  k3i  of  0.67Pb(Mgi/3Nb2/3)O3-0.33PbTiC>3  with  x 
at.%  Mn 

Figure  6:  (a)  Relative  permittivity  and  dielectric  loss  of  0.67Pb(Mgi/3Nb2/3)C>3- 
0.33PbTiC>3  +  x  at.%  Mn  doping  at  100  HZ  at  room  temperature,  (b)  Relative 
permittivity  and  (c)  dielectric  loss  vs.  temperature  of  0.67PMN-0.33PT  with  x  at.% 
Mn  doping  at  100  Hz.  (d)  Relative  permittivity  of  PMN-PT  (67/33)  with  2.5  at.%  Mn 
doping  (lower  curves)  and  without  doping  (upper  curves)  after  poling  for  frequencies 
of  100,  lk,  10k,  100kHz. 


Figure  7:  The  P-E  hysteresis  loop  of  0.67Pb(Mgi/3Nb2/3)O3-0.33PbTiC>3  with  (a)  0 
at.%Mn  (b)  1  at.%Mn  (c)  2.5  at.%Mn  (d)  3.2  at.%Mn  and  the  strain  vs.  electrical  filed 
for  (e)  0  at.%Mn  (f)  1  at.%Mn  (g)  2.5  at.%Mn  (h)  3.2  at.%Mn 

Figure  8:  Impedance  Spectrum  of  0.67Pb(Mgi/3Nb2/3)O3-0.33PbTiO3  +  3.2  at.%Mn 
with  different  vibration  velocity  x  m/sec  at  room  temperature 

Figure  9:  (a)Vibration  velocity  vs.  driving  voltage;  (b)resonance  frequency,  (c) 
compliance  elastic  constant,  and  (d)mechamcal  quality  factor  Qm  vs.  vibration 
velocity  of  0.67Pb(Mgi/3Nb2/3)O3-0.33PbTiO3  +  x  at.%  Mn  . 

Figure  10:  Temperature  rise  vs.  vibration  velocity,  and  of  0.67Pb(Mgi/3Nb2/3)C>3- 
0.33PbTiO3  +  x  at.%  Mn  . 
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Abstract 

Piezoelectric  ceramics  are  potential  high-power  electro-acoustic  sources,  and  have  been  studied 
for  many  years.  However,  when  these  devices  are  driven  under  high  level  vibration,  the 
electromechanical  characteristics  depart  significantly  due  to  the  loss  and  nonlinear  behavior  in 
terms  of  elastic  and  dielectric  properties.  In  this  paper,  we  present  results  concerning  the 
development  of  modified  Pb(Mgt/3Nb2/3)03-PbTi03  (PMN-PT)  ceramics  for  high-power 
application.  We  have  focused  efforts  on  base  PMN-PT  compositions  close  to  the  morphotropic 
phase  boundary.  Different  mono-doping  have  been  studied  to  understand  the  doping  effects  on 
the  properties  of  PMN-PT  ceramics  and,  moreover,  to  improve  the  properties  for  the  high-power 
application.  Of  all  the  substitutents  investigated  in  this  study,  Mn-doping  was  found  the  only  one 
to  improve  the  properties  of  PMN-PT  significantly  for  high-power  application  by  reducing  the 
total  loss  (including  mechanical  loss  as  well  as  the  dielectric  loss),  yet  keeping  the  coupling 
factor  constant.  This  work  is  supported  by  Office  of  Naval  Research. 

Introduction 

Piezoelectric  ceramics  are  potential  high-power  electro-acoustic  sources,  and  have  been  studied 
for  many  years.  However,  there  are  still  some  serious  problems,  such  as  the  durability  of  the 
materials,  and  the  fact  that  the  piezoelectric  data  obtained  for  a  small  applied  electric  field 
becomes  less  relevant  as  the  field  is  increased  far  above  the  general  characterization 
condition[l,2].  Presently,  the  lead  zirconate  titanate  (PZT)  family  of  ceramics  with  some 
acceptor-type  doping  (Hard  PZT)  are  the  most  widely  used  for  this  kind  of  application  owing  to 
their  excellent  dielectric  and  piezoelectric  properties  at  the  morphotropic  phase  boundary  with 
the  coexistence  of  tetragonal  and  rhombohedral  phases,  allowing  increased  domain 
reorientability  and  easier  polarization  as  well  as  the  low  dielectric  loss  and  high  mechanical 
quality  factor,  Qm,  which  is  the  inverse  of  the  mechanical  loss.  However,  in  hard  PZT,  the 
coupling  factor  k  is  quite  low  and  the  loss  still  increases  very  fast  under  high-level  driving[l]. 
Thus,  investigation  of  other  potential  high  k  materials  with  more  stable  and  reliable  loss 
properties  is  important  for  transduction  application. 

The  perovskite  lead  magnesium  niobate  Pb(Mgi/3Nb2/3)03  (PMN)  is  a  well-known  relaxor  with  a 
diffuse  phase  transition.  The  structure  is  pseudo-cubic  with  an  average  space  group  symmetry 
Pm3m  at  room  temperature,  with  no  evidence  of  long  range  ordering  of  the  dissimilar  B  site 
cation  sublattices.  The  disorder  in  the  B  site  cation  is  believed  to  be  the  cause  of  relaxor  type 
behavior  in  these  materials.  The  piezoelectric  properties  of  PMN  can  be  enhanced  with  the 
addition  of  PT.  The  PMN-PT  solid  solution  system  exhibits  a  morphotropic  phase  boundary 
(MPB)  between  a  pseudo-cubic  and  a  tetragonal  phase  at  about  30-35  mole  %  of  PT.  [3]  The 
dielectric  and  piezoelectric  constants  for  materials  near  the  MPB  are  abnormally  high  as  reported 
by  many  researchers  such  as  Lejeune.  [4]  The  properties  of  high  k,  high  d  and  high  energy 


density  PMN-PTs  are  very  attractive  for  high-power  applications.  However,  the  mechanical 
quality  factor  Qm  is  quite  low.  Although  PMN-PT  system  has  been  actively  studied  under  a  small 
AC  electric-field  condition,  the  characterization  under  high  power  applications  has  seldom  been 
performed.  Furthermore,  there  are  almost  no  reports  about  varying  Qm  value  in  PMN-PT  by 
composition  modification.  In  this  study,  we  investigated  doping  effects  on  PMN-PT  based 
ceramics  for  the  goal  of  improving  the  materials  for  high-power  applications. 

Sample  preparation  and  experimental  procedure 

In  order  to  eliminate  the  formation  of  a  parasitic  pyrochlore  phase  (Pb3Nb40i3),  the  columbite 
precursor  method  proposed  by  Swartz  and  Shrout  [3]  was  used  to  prepare  PMN-PT  on  the  MPB. 
Both  A-site  and  B-site  dopants,  including  the  higher  valence  and  lower  valence  elements  were 
used  to  study  the  effect  of  doping  in  PMN-PT.  These  include  La,  Li,  Na,  K,  Mn,  In,  Fe.  Excess 
Mg  and  Nb  were  also  studied  for  comparison.  In  the  first  stage,  MgO  and  Nb2Os  were  mixed  in  a 
stoichiometric  ratio,  and  a  precursor  columbite  phase  MgNb206  was  formed  after  calcination  at 
1200°C  for  4hrs.  X-ray  diffraction  patterns  were  then  taken  to  check  phase  formation.  In  the 
second  stage,  the  precursor  was  mixed  in  stoichiometric  ratios  with  PbO  and  Ti02.  To  insure 
proper  mixing,  both  steric  hinderenace  and  electrostatic  repulsion  (pH  adjustment  by  ammonia), 
dispersion  mechanisms  were  required  to  prepare  a  30  vol.  %  slurry  with  deionized  water.  The 
slurry  was  vibratory  milled,  then  dried  and  calcined  at  700°C  for  4  hr.  Calcined  powders  were 
examined  by  x-ray  diffraction  to  insure  phase  purity.  To  control  PbO  volatility,  sintering  was 
performed  in  a  lead  rich  atmosphere  by  placing  a  small  amount  of  mixed  powder  of  PbO  and 
Zr02  in  a  closed  crucible.  After  sintering,  the  samples  were  polished,  and  gold-sputtering  was 
used  for  the  electrodes  on  both  surfaces. 

The  dielectric  properties  were  measured  with  a  computer  controlled  automated-measurement 
system  from  room  temperature  to  250°C  (HP4284A  for  electric  measurement  and  FLUKE8840 
with  an  oven  for  temperature  controlling).  The  electromechanical  properties  were  determined  by 
measurement  of  the  admittance  spectrum  under  low  level  constant  voltage  using  an  HP4194,  and 
by  measurement  of  the  impedance  spectrum  vs.  different  vibration  velocity  under  constant- 
current  driving  conditions  [1],  The  latter  method  is  different  from  the  conventional  impedance 
analyzer  measurements,  where  the  vibration  velocity  is  significantly  increased  near  the  resonance 
frequency,  leading  to  jumping  and  hysteresis  problems  in  the  impedance  vs.  frequency  curve  due 
to  the  nonlinearity  become  significant  under  high  level  driving. 

Results  and  discussions 

a.  Basic  properties 

Table  I  summaries  the  dielectric  and  electromechanical  properties  for  different  dopings.  Data 
taken  from  previous  studies  of  various  doping  elements  in  PZT  or  PMN-PT,  and  the  radii  of 
Pb(2+)  and  Ti(4+),  have  also  been  included  for  reference.  Effects  of  Na  and  K  substituents  can 
be  seen  to  be  almost  the  same.  Both  are  from  the  same  group  (s-oribitals  with  1+  valance)  and 
substitute  Pb  onto  the  A  sites  which  have  12-coordination.  Both  of  these  substitutents  increase 
the  quality  factor  Qm  a  little  and  reduce  the  piezoelectric  constant.  Li  is  also  from  the  same 
chemical  group  (s-oribital  with  1+  valence),  yet  its  ionic  radii  is  smaller  (0.6 A)  relative  to  Na 

(0.95 A)  and  K(1.32A).  The  tolerance  factor  t  =  ^(I2~CT)  is  too  small  for  Li  to  go 

onto  the  A-sites  and  it  is  too  large  for  it  to  go  onto  the  B-sites.  Consequently,  the  effect  of  Li 


modification  is  different  from  Na  and  K  doping.  Fe-modification  does  not  change  the  properties 
of  PMN-PT  significantly,  however  for  the  PZT  system,  Fe  increases  Qm  to  more  than  1000.  In 
PZT,  both  B-site  cation  sublattice  are  occupied  by  4+  species,  while  in  PMN-PT  occupancy  is 
composed  of  multiple  valent  species,  i.e.,  2+  (Mg),  5+  (Nb),  and  4+  (Ti).  If  Fe  prefers  to 
substitute  for  Mg,  then,  it  is  either  a  3+  (or  2+)  species  on  a  2+  site.  In  this  case,  it  will  not 
induce  acceptor-type  (or  “harder”)  behaviors  in  PMN-PT,  as  it  does  in  PZT.  Similar  effects  were 
found  in  In-modified  compositions,  as  can  be  seen  in  Table  I.  Excess  Mg  and  Nb  did  not  result  in 
any  significant  effects  on  the  properties.  Possibly  because  concentrations  of  one  at.%  excess  are 
too  small. 

Of  all  the  substitutents  investigated  in  this  study,  Mn  was  the  only  one  which  was  found  to 
behave  uniquely.  Upon  Mn  modification,  the  piezoelectric  constant  was  decreased,  however  the 
quality  factor  Qm  was  increasesed  significantly.  The  coupling  coefficient  k3i  was  not 
significantly  affected  by  Mn  modification  and  had  a  constant  value  of  ~0.3.  These  changes  in  the 
properties  make  the  materials  more  suitable  for  high  power  transducer  applications.  Thus,  high- 
power  measurements  of  Mn-modified  samples  will  shown  in  the  next  section. 

Table  I:  The  properties  of  .65PMN-.35PT  with  1  at.%  doping 


element 

m 

K 

Na 

1191 

mm 

HH 

mi^i 

Substitute 

site 

A-site 

B-site 

B-site 

B-site 

B-site 

B-site 

Valency 

+3 

+1 

+1 

ESEH 
EES 9 

+2, +3 

+3 

+5 

+2 

Behavior 
in  PZT 

Donor 

-like 

Acceptor 

-like 

Acceptor 

-like 

9 

Acceptor 

-like 

Acceptor 

-like 

Acceptor 

-like 

Donor¬ 

like 

Acceptor 

-like 

Ionic 

radii(A) 

1.15 

1.32 

.95 

.6 

(+7).46 

(+4).6 

(+3).66 

(+2).8 

EgB 

ggn 

.8 

.64 

.72 

Curie  T 

50 

181.23 

178 

178.3 

175 

178 

187.62 

185.9 

189 

Dieletric 

constant 

2300 

3990 

4140 

3260 

2100 

3100 

3140 

4050 

3500 

Kmax 

23000 

34800 

34800 

25600 

21000 

33000 

33400 

33600 

38100 

Dieletric 

loss 

.025 

j 

.012 

.0114 

.0305 

.009 

.0116 

.0118 

.024 

.02 

d„ 

373 

360 

546 

350 

500 

564 

583 

Qm _ _ 

76 

143 

150 

68 

300 

80 

88 

75 

78 

Pb  (+2)1.2A,  Ti  (+4)  .68A 

A-site  cation  :  12-coordinated,  B-site  cation  :  6-coordinated 
*Used  to  adjust  Tc[3] 

**Used  to  improve  the  electrical  resistance,  reduce  the  sintering  temperature  and  reduce  the 
temperature  coefficient  of  capacitance 

***l.Used  as  similar  reason  of  Li.  2. Studied  for  the  age  effect.[6] 

****Can  form  PFN[5] 

*****  Can  form  PIN[5] 

******Can  form  pyrochlore[3] 

*******  Sintering  aid,  can  reduce  pyrochlore  but  induce  grain  growth.[3] 

Figure  1  shows  the  temperature  and  frequency  dependence  of  the  dielectric  constant  as  well  as 
dielectric  loss  (tan8)  for  0.65PMN-0.35PT  with  different  substituents.  Mn  and  Li  substituents 
both  depressed  and  broadened  the  peak  dielectric  constant  values,  shown  in  Fig  1(a)  and  (b), 


even  though  Mn  had  a  stronger  effect.  One  possible  reason  is  that  they  both  can  form  a  liquid 
phase  during  sintering  resulting  in  secondary  phase  formation  in  the  grain  boundaries,  which 
generally  reduces  the  dielectric  constant.  However,  they  have  very  different  behavior  of 
dielectric  loss  (Tan  Delta).  While  Mn  substituents  reduce  the  dielectric  loss  to  less  than  1%  near 
room  temperature,  specimens  with  Li  retain  a  value  of  3%  (Figl  (d)  and  (e)).  The  temperature 
and  frequency  dependence  of  dielectric  constant  of  Na  and  K-doped  samples  are  shown  in  Figl 
(b).  They  both  exhibited  similar  results,  however  Li-modification  resulted  in  significant 
differences. 

b.  Piezoelectric  properties  under  a  high-power  driving 

Heat  generation  is  one  of  the  big  problems  for  materials  under  high-level  driving.  The 
temperature  rise,  AT,  with  a  specific  sample  due  to  the  heat  generation  is  proportional  to  the  loss 
as  follows 


A  T  = 


coQWt ' 


where  ©oW  is  dissipated  vibration  energy  per  second,  M  mass  of  the  sample,  t’  thickness,  and  c 
the  specific  heat  capacitance. 

The  dissipated-vibration-energy  per  second,  ©oW  can  be  calculated  as  follows 
co0W  =  ^Mv2a)0Q~' 

and  (2) 

Q~'  =  Q-J  +  Qz 

where  v,  and  co0  are  vibration  velocity  and  resonance  angular  respectively. 

From  Eqn(l)  and  (2),  we  can  get 


-v2co0Q  V 


A  T  = 


For  longitudinal  d3i  mode  with  both  ends  of  the  sample  are  mechanically  free,  the  relationship  of 
vibration  velocity  v  and  the  driving  field  E<jo  can  be  written  as 

(4) 

It  can  be  calculated  from  the  resonance  frequency  and  the  maximum  displacement  of  the  ends 
by  the  following  equation 

v  =  -L»  4  (5) 

■J2  rm 

The  result  of  the  saturation  temperature  rise  and  the  total  loss  increase  with  an  increase  of  the 
vibration  velocity  for  Mn-doped  samples  are  shown  on  Fig.2(a).  From  Eqn.  (3),  the  temperature 
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Figure  1:  Dielectric  constant  with  different  frequencies  (100Hz,  1kHz,  and  10kHz  from  the 
highest  to  the  lowest  curve  in  one  group)  vs.  temperature  of  .65PMN-.35PT  +  1  at.%  dopants:  (a) 
pure  and  Mn,  (b)  K,  Na,  Li,  (c)  In,  excess  Mg,  and  excess  Nb;  Tan  Delta  vs.  Temperature  of 
.65PMN+.35Pt  +  1  at.%  dopants:  (d)  Li,  Na,  K,  (e)  Mn,  In,  excess  Mg  and  excess  Nb. 


rise  is  proportional  to  the  square  of  vibrational  velocity,  and  the  total  loss.  The  saturation 
temperature  was  decided  when  the  sample  temperature  become  stable  due  to  the  balance  of  heat 
generation  and  radiation  after  a  period  of  time  when  the  sample  driving  under  some  vibrational 
velocity.  Because  the  quality  factor  Q  dropped  significantly  when  the  vibrational  velocity  >  .2 
m/sec  (referred  to  Fig  2(b)),  the  saturation  temperature  rise  also  increased  much  faster.  The 
larger  Q  the  sample  has,  the  smaller  the  saturation  temperature  rise  is. 


0.01  0.1  1 
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Figure  2:  The  vibration  velocity  dependence  of  temperature  rise  (a)  and  quality  factor  Qm  (b)  of 

.65PMN-.35PT  +  x  at.%  Mn  doping 

Summary 

In  this  paper,  MPB  compositions  of  PMN-PT  with  various  substituents  were  studied  for  high- 
power  applications.  Mn-doping  was  found  to  improve  the  properties  of  PMN-PT  significantly  for 
high-power  application  by  reducing  the  total  loss  (including  mechanical  loss  as  well  as  the 
dielectric  loss),  yet  keeping  the  coupling  factor  constant.  It  appears  that  Mn  substituents  behave 
as  acceptors  in  PMN-PT  ceramics,  resulting  in  “harder”  characteristics.  The  special  effects  of 
Mn  may  be  related  to  its  multiple  valance  states,  however  this  needs  further  investigations 
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The  effective  piezoelectric  strain  constant  and  electromechanical  coupling  factor  of 
lead  zirconate  titanate  (PZT)  at  different  cutting  angles  have  been  measured  by  using  the  IEEE  standard 
resonance  method.  It  was  found  that  for  tetragonal  PZT  48/52,  the  effective  and  k&  monotonously 
decreases  as  the  cutting  angle  canted  from  the  poling  direction  increases.  However,  for  rhombohedral  PZT 
54/46,  the  effective  has  the  maximum  value  along  a  direction  which  is  canted  about  45#  away  from  the  pol¬ 
ing  direction,  while  the  effective  electromechanical  coupling  factor  is  not  sensitive  to  the  cutting  direction 

and  remains  almost  constant  in  the  cutting  angle  range  from  0  to  45  . 
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Lead  zirconate  titanate  (PZT)  ceramics  have  been  wide¬ 
ly  used  in  transducers  and  actuators  due  to  the  large 
piezoelectric  coefficients  and  high  electromechanical  coupl¬ 
ing  factors.  In  these  applications,  the  ceramic  is  electrically 
driven  along  a  direction  either  parallel  to  the  poling  direc¬ 
tion  (0*  cutting  angle)  to  utilize  the  longitudinal  extension 
deformation  or  perpendicular  to  the  poling  direction  (90* 
cutting  angle)  to  utilize  the  shear  deformation.  To  the 
author’s  knowledge,  no  systematic  investigations  have  been 
done  to  enhance  the  piezoelectric  properties  by  choosing  an 
electrical  driven  direction  which  is  canted  between  0*  and 
90*  away  from  the  poling  direction.  This  paper  presents  the 
experimental  results  about  such  enhancement. 

In  the  previous  papers, ^  we  reported  the  phenomenolo¬ 
gical  calculations  of  the  piezoelectric  and  dielectric  con¬ 
stants  of  hypothetical  single  crystals  of  PZT  in  different 
crystal  orientations.  For  a  tetragonal  PZT,  the  effective 
piezoelectric  constant  <*33  monotonously  decreases  as  the 
crystal  cutting  angle  from  the  spontaneous  polarization 
direction  [001]  increases.  However,  for  a  rhombohedral 
PZT,  the  effective  piezoelectric  constant  <*33tooi]//  along  the 
perovskite  [001]  direction  was  found  to  be  much  larger 
than  those  along  the  spontaneous  polarization  direction 
[111].  A  similar  tendency  can  be  expected  for 
polycrystalline  samples,  though  the  enhancement  might  be 
less  significant  than  single  crystals. 

Tetragonal  PZT  48/52  and  rhombohedral  PZT  54/46 
ceramic  plates  with  sizes  about  10  mm  x  10  mm  x  1  mm 
were  poled  along  one  of  the  large  sides,  as  shown  in  Fig.  1 . 
Then,  the  plates  were  cut  into  small  bars  along  the  direc¬ 
tions  canted  0*,  15’,  30*.  45*,  60*  and  75°  away  from  the  pol¬ 
ing  direction,  respectively.  The  sizes  of  the  samples  are 
listed  in  Table  1 .  For  each  cutting  direction,  a  plate  normal 
to  the  direction  was  also  cut  for  permittivity  measurement. 
We  used  gold  as  the  electrode  material.  The  IEEE  Stan¬ 
dard  resonance  method3^  was  used  to  measure  the 


longitudinal  extensional  piezoelectric  constant  d$ 3  and  elec¬ 
tromechanical  coupling  factor  £33  for  each  bar.  Figure  2 
shows  the  values  of  ^33  with  respect  to  the  cutting  angles 
away  from  the  poling  direction.  The  values  of  have  been 
normalized  by  <*33//pj,  the  <*33  along  the  poling  direction. 
Figure  3  shows  the  results  for  £33-  For  tetragonal  PZT. 
48/52,  both  <*33  and  £33  monotonously  decrease  as  the  cut¬ 
ting  angle  increases.  However,  for  rhombohedral  PZT 
54/46,  <*33  increases  as  the  cutting  angle  increases  from  0’ 
to  45°,  leading  1.25  time  enhancement  at  45*;  £33  is  not  sen¬ 
sitive  to  the  cutting  direction  and  remains  almost  constant 
in  this  cutting  angle  range.  Beyond  this  cutting  angle  range, 
both  <*33  and  k 33  decrease  as  the  cutting  angle  increases.  The 
angle  with  maximum  <*33  is  little  smaller  than  the  calculated 
angle  56*-59*  for  the  hypothetical  PZT  crystals.  Figure  4 
shows  the  dielectric  constants  in  different  directions;  for 
both  rhombohedral  and  tetragonal  PZT,  the  dielectric  con¬ 
stants  monotonously  increase  as  the  cutting  angle  in¬ 
creases. 

In  conclusion,  for  tetragonal  PZT  48/52,  the  effective 


Fig.  1 .  Illustration  of  sample  cutting. 


Table  1 .  Sizes  of  Samples  (mm) 


Angies 

0° 

15° 

O 

O 

45° 

60° 

75° 

PZT 

54/46 

10.54x0.98 

xl.04 

7.05x0.67 

xl.04 

8.13x0.93 

xl.04 

11.40x1.12 

xl.05 

7.10x0.72 

xl.05 

6.80x0.64 

xl.04 

PZT 

48/52 

10.03x0.87 

x0.98 

6.87x0.65 

xl.01 

7.32x0.69 
xl  .01 

10.03x0.97 

xl.01 

6.30x0.62 

xl.00 

6.52x0.58 

xl.01 

190 


Xiao*Hong  DU  et  ai. 


Journal  of  the  Ceramic  Society  of  Japan  107  [  2  ]  1999 


191 


0 


Fig.  2.  The  effective  da  normalized  by  dw/ p,,  the  da  along  the 
poling  direction,  with  respect  to  cutting  angles  from,  the  poling 
direction.  For  tetragonal  PZT  48/52,  d33//Pl5=98pC/N.  For  rhom- 
bohedral  PZT  54/46,  d33/zp1=148pC/N. 


e 


Fig.  3.  The  effective  *33  with  respect  to  cutting  angles  from  the 
poling  direction. 


Fig.  4.  The  dielectric  constants  with  respect  to  cutting  angles 
from  the  poling  direction. 


piezoelectric  constant  d^  and  electromechanical  coupling 
factor  £33  have  the  maximum  values  along  the  poling  direc¬ 
tion  and  decrease  monotonously  as  the  cutting  angle  from 
the  poling  direction  increases.  However,  for  rhombohedral 
PZT,  da  has  the  maximum  value  at  a  cutting  angle  about 
45*  away  from  the  poling  direction.  This  shows  us  that  the 
enhancement  of  piezoelectric  properties  by  changing  the 
cutting  direction  away  from  the  polarization  direction  exists 
not  only  in  single  crystals,  but  also  in  polycrystalline  solids. 
By  choosing  an  appropriate  cutting  direction,  the  piezoelec¬ 
tric  properties  can  be  improved. 
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Related  Properties 


SATOSHI  WADAa,  SEUNG-EEK  PARK6,  LESLIE  ERIC  CROSSb  and 
THOMAS  RICHARD  SHROUTb 


'Tokyo  University  of  Agriculture  &  Technology.  24-16  Nakamachi  2-chome. 
Koganei  Tokyo  184-8588.  JAPAN:  and  0 Materials  Research  Laboraton\ 
l he  Pennsylvania  State  University .  University  Park ,  PA  16802 ,  USA 


The  domain  configuration  of  rhombohedral  PZN-8'ePT  single  crystals  has  been  observed  as 
Although"  °f  e  ectnc'field  and  crystallographic  orientation  using  polarizing  microscope, 
hertrnl  nnl  r  U*  *  domain  f ate  could  be  achieved  by  applying  an  E-field  along  the  rhombo- 
F  Si  rl  h  °"  [U1  ’•  3  multidomain  state  observed  with  the  removal  of  the 
t-tield.  This  domain  instability  was  associated  with  large  hysteresis  of  the  strain  vs.  E-field 

-IvInlT'  fCOnt':aSt- an  engineered  domain  configuration  of  [001]  oriented  rhombohedral 
stals  as  found  to  be  stable  with  no  domain  motion  detectable  under  DC-bias.  resulting  in 
h.  steresis  minimized  strain  vs.  E-field  behavior.  The  stable  engineered  domain  configuration 
under  bias  in  multidomain  [001]  oriented  crystals  was  suggested  as  an  evidence  of  macro- 
bcopic  symmetry  4mm  out  ot  3m  rhombohedral  crystals. 

Keywords:  PZN-PT;  single  crystal;  domain:  hysteresis;  macroscopic  symmetry' 


INTRODUCTION 

In  compositional  engineering  of  conventional  PZT  ceramics,  enhanced 
piezoelectric  activity  is  achieved  by  adjusting  Tc  downward,  resulting  in 
soft  PZT  s  (d33  >  500  pC/N)  with  low  coercivity  (Ec  -  5  kV/cm).  These 
soft  PZTs  are  accompanied  by  large  hysteresis  in  their  strain  vs.  E-field 
behavior  due  to  domain  wall  motion  under  bias,  limiting  applications  to  low 
frequencies.  "Hard"  PZTs  with  minimized  strain  vs.  E-field  hysteresis 
behavior  are  a  consequence  of  acceptor  dopants,  constraining  domain  wall 
mobility.  This  non-hysteretic  strain  vs.  E-field  behavior,  however,  comes 
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with  the  expense  of  decreased  piezoelectric  activity  (d3J  -  200  pC/N). 
Hysteresis  free  strain  vs.  E-field  behavior  is  also  expected  from  single 
domain  ferroelectric  crystals.  Ferroelectric  single  crystals  such  as  LiNbO-,, 
however,  have  not  been  intensively  investigated  for  actuators  because  of  their 
inherently  inferior  piezoelectric  activity  (d?3  <  50  pC/N). 

Recently,  ultrahigh  piezoelectric  properties  (d?3  -  2500  pC/N)  and  large 
strain  (1.7  %)  were  achieved  from  [001]  oriented  rhombohedral  crystals  of 
reiaxor  based  ferroelectric  Pb(Al/3Nb^)03  (A  =  Zn2',  Mg2*)  and  its  solid 
solution  with  the  normal  ferroelectric  PbTi03  (PT).|MI  Fig.  1  presents  the 
typical  strain  vs.  E-field  behavior  observed  in  rhombohedral  PZN-8%PT 
crystals.  As  [001]  is  not  the  polar  direction,  [001]  poled  crystals  must  be 
comprised  of  a  multidomain  state.  Furthermore,  these  crystals  are  "softer" 
(Ec  -  3  kV/cm)  than  soft  PZTs  (Ec  >  5  kV/cm).  However,  strain  values  as 
high  as  0.4  %  were  realized  with  minimized  hysteresis,  suggesting  little 
domain  motion  under  bias,  a  phenomenon  not  expected  for  multidomain 
,,softM  ferroelectric  crystals.  In  contrast,  crystals  oriented  along  [111],  the 
polar  direction  of  rhombohedral  crystals,  exhibited  inferior  properties  such  as 
d3j  ^  82  pC/N.  The  E-field  induced  strain  was  also  accompanied  by  large 
hysteresis. 

In  this  study,  the  domain  configuration  of  rhombohedral  PZN-8%PT 
crystals  was  observed  as  a  function  of  E-field  and  crystallographic  orientation 
using  a  polarizing  microscope.  The  behavior  of  domain  wail  motion  will  be 
discussed  in  relation  to  the  observed  hysteretic  strain  vs.  E-field  behavior. 


FIGURE  1  Strain  vs.  E-field  behavior  for  PZN-8%PT  crystals  oriented 
along  (111]  and  [001]. 
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Moreover,  the  change  of  macroscopic  symmetry  induced  by  the  engineered 
domain  configuration  will  also  be  discussed. 


EXPERIMENTAL 

PZN-8%PT  single  crystals  were  grown  by  a  flux  method.  Further  details  on 
the  crystal  growth  were  reported  elsewhere.12-5'  Flux  grown  crystals  were 
oriented  along  [11 1]  or  [001]  direction  using  a  back  reflection  Laue  camera. 
Crystals  were  heat-treated  at  250  °C  for  16  hr  in  air  prior  to  domain 
observation,  to  remove  residual  stress  that  might  result  in  the  formation  of 
ferroelastic  domains.  For  in-situ  domain  observation  under  DC-bias,  the 
sample  surface  was  mirror-polished  with  the  sample  thickness  approximately 
200-300  pm  along  the  transmittance  direction  of  polarized  light.  Gold 
electrodes  were  sputtered  on  both  sides  parallel  to  the  polarized  light. 
Sample  width  between  sputtered  Au  electrodes  was  approximately  500-600 
fim.  Thin  samples  (-50  /*m)  with  mirror-finished  (111)  or  (001)  surfaces 
were  also  prepared  to  observe  detailed  domain  configurations  more  clearly 
before  and  after  E-field  exposure  for  crystallographic  interpretation.  The 
domain  configuration  was  observed  under  crossed-nicols  using  a  Polarizing 
microscope  (Carl  Zeiss,  D-7082).  The  application  of  an  E-field  was  along 
the  [001]  or  [1 1 1]  direction,  being  normal  to  the  polarized  light,  using  a  Trek 
610A  HV  Amplifier. 


RESULTS  AND  DISCUSSION 

Domain  configuration  ■  Zero- bias  state  before  and  after  E-fteld  exposure 
PZN-8%PT  is  compositionally  located  near  the  morphotropic  phase  boundary 
(~  9  moI%PT)  between  rhombohedral  phase  (R3m)  and  tetragonal  phase 
(P4mm)  at  room  temperature.111  PZN-8%PT  undergoes  two  phase  transitions 
as  a  function  of  temperature,  i.e.,  (1)  rhombohedral  <->  tetragonal  phase 
transition  around  90  °C  (PTrt),  and  (2)  tetragonal  <->  cubic  (Pm3m)  phase 
transition  around  170  °C  (PTtc).  Thus,  the  domain  configuration  observed  at 
25  °C  before  E-fieid  exposure  contains  domain  walls  originating  from  PTtc 
and  PTr  t.  Figs.  2(a)  and  3(a)  show  domain  configurations  of  [  1 1 1 1  and  [001] 
oriented  PZN-8%PT  crystals  before  E-field  exposure,  respectively.  Although 
ferroelectric  domain-like  pattern  was  obvious,  crystallographic  interpretation 
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FIGURE  2  Domain  configuration  of  [111]  oriented  PZN-8%PT  crystals 
before  and  after  poling. 
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FIGURE  3  Domain  configuration  of  [001]  oriented  PZN-8%PT  crystals 
before  and  after  poling. 


was  difficult  due  to  vague  domain  boundaries. 

Figs.  2(b)  and  3(b)  present  the  domain  configurations  of  [111]  and  [001] 
oriented  PZN-8%PT  crystals  after  E-field  (~  20  kV/cm)  exposure, 
respectively.  In  contrast  to  Figs.  2(a)  and  3(a),  E-field  induced  domain 
configuration  was  observed.  The  [111]  oriented  PZN-8%PT  crystals  (Fig. 
2(b))  consisted  of  three  kinds  of  the  band-shaped  domains  with  equivalent 
polar  vectors  ([Ill],  [111]  and  [111])  in  the  domain  with  polar  direction  of 
[111].  Therefore,  all  domain  boundaries  could  be  interpreted  as  71°  domain 
walls  of  {110}  planes  between  [111]  domain  and  three  domains  with  polar 
directions  ([Ill],  [111]  and  [111])  and  109°  domain  walls  of  {100}  planes 
between  three  domains  with  polar  directions  ([Ill],  [111]  and  [111]), 
consistent  with  crystallographic  domain  wall  relationships. 16-71  As  shown  in 
Fig.  3(b),  fiber-like  domains  with  sharp  edges  on  both  ends  were  observed  for 
[001]  oriented  PZN-8%PT  crystals.  Although  crystallographic  interpretation 
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[001] 


FIGURE  4.  Schematic  domain  configuration  of  [001]  oriented  PZN-8%PT 
crystal. 

was  limited  by  the  depth  of  focus  of  optical  microscopy,  each  domain  must 
have  one  of  four  possible  polar  vectors,  [111],  [111],  [111]  and  [111]  in 
[001]  poled  PZN-8%PT  crystals.  This  configuration  is  schematically 
presented  in  Fig.  4.  Thus,  all  domain  boundaries  could  be  interpreted  as  71° 
domain  walls  of  {110}  planes  and  109“  domain  walls  of  {100}  planes. 
Similar  domain  configuration  was  also  reported  for  pure  rhombohedral 
PZN.[8-9] 

In-si  tu  domain  observations 

For  [111]  oriented  PZN-8%PT  crystals,  the  domain  configuration  at  25  “C 
before  an  applied  E-field  is  presented  in  Fig.  5(a).  Figs.  5(b)  and  5(c) 
exemplify  the  domain  configuration  at  25  ’C  as  a  function  of  E-field, 
increased  incrementally  to  13  kV/cm.  The  result  shown  in  Fig.  5  was 
obtained  at  the  second  measurement  in  the  repeated  cycles  (1  cycle:  0  kV/cm  - 
>  13  kV/cm  ->  0  kV/cm).  The  domain  wall  density  in  the  crystals  was  found 
to  decrease  with  increased  E-field,  implying  increased  domain  size  with 
domain  reorientation.  At  approximately  13  kV/cm,  the  PZN-8%PT  crystals 
became  nearly  single  domain  (Fig.  5(d)),  with  some  domain  walls  observed 
near  the  electrode  due  to  crystal-electrode  interfacial  stresses.  However,  upon 
removal  of  the  E-field,  a  multidomain  state  was  observed  as  presented  in 
Figs.  5(e)  and  5(f).  Domain  reorientation  was  found  to  occur  at  4.5  kV/cm 
(Fig.  5(e)),  starting  near  the  electrode.  The  initial  multidomain  state  of  Fig. 
5(b)  was  completely  recovered  as  shown  in  Fig.  5(f).  It  should  be  noted, 
however,  that  the  domain  configuration  exhibited  hysteresis.  The  domain 


152 


SATOSHI  WAD  A  ex  al 


wail  density  was  observed  to  be  reduced  for  an  equivalent  E-field  upon 
removing  the  E-field,  the  origin  of  hysteresis  in  strain  vs.  E-field  curve 
shown  in  Fig.  1(a). 

In  contrast  to  the  domain  instability  observed  with  [111]  oriented  PZN- 
8%PT  crystals,  [001]  oriented  crystals  exhibited  stable  domain  configurations 
as  shown  in  Fig.  6.  The  result  shown  in  Fig.  6  was  obtained  at  the  second 
measurement  in  the  repeated  cycles  (1  cycle:  0  kV  cm  ->  15  kV/cm  ->  0 


FIGURE  5  Domain  configuration  of  [111]  oriented  PZN-8%PT  crystal 
under  DC-bias. 
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kV/cm).  At  the  first  cycle  measurement,  when  very  weak  E-field  below  0.2 
kV/cm  was  applied  along  [001]  direction  of  virgin  crystal  (Fig.  6(a)),  the 
same  domain  configuration  as  shown  in  Fig.  6(b)  was  formed  tmmedtately. 
Moreover,  this  domain  configuration  did  not  change,  although  applied  E- 
field  increased  under  15  kV/cm.  Therefore,  domain  configuration  did  not 
change  under  DC-bias.  being  further  evidenced  by  hysteresis  minimized 
strain  vs.  E-field  behavior  in  Fig.  1(b).  However,  if  the  E-ficld  over  20 


FIGURE  t>  Domain  configuration  of  [001]  onented  PZN-8%PT  crystal 
under  DC-bias. 
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kV/cm  was  applied  along  [001]  direction,  the  E-field  induced  phase  transition 
from  rhombohedral  to  tetragonal  phase  was  observed  and  confirmed  by  both 
Polarization  and  strain  vs.  E-field  curve  and  in-situ  domain  observation. 

Ponreip  engineering  and  macroscopic  symmetry 
Based  on  the  domain  observations  presented  in  previous  sections,  the  ability 
to  engineer  a  macroscopic  symmetry  different  from  the  local  symmetry  (lattice 
symmetry)  is  suggested,  as  can  be  found  for  the  case  of  poled  piezoelectric 
ceramics,  i.e.,  the  macroscopic  symmetry  being  m  regardless  of  the  lattice 
symmetry  resulting  from  randomly  orientated  grains.  For  ferroelectric  single 
crystals,  only  single  domain  crystals  possess  macroscopic  symmetry  identical 
to  the  lattice  symmetry.  For  example,  unpoled  tetragonal  ferroelectric  crystals 
are  macroscopically  m3m,  if  the  number  of  each  domain  is  equivalently 
distributed.  As  shown  in  Fig.  4,  each  domain  in  [001]  poled  crystals  must 
have  four  possible  polarization  directions,  [111],  [Ill],  [ill]  and  [III]. 
For  [001]  oriented  crystals  to  exhibit  a  static  domain  configuration  under  DC- 
bias,  each  domain  must  be  distributed  equivalently.  As  a  result,  each  domain 
experiences  the  same  driving  force  for  reorientation  with  respect  to  an  applied 
E-field,  otherwise  domain  reorientation  under  DC-bias  would  occur  resulting 
in  hysteresis  in  strain  vs.  E-field  behavior.  Therefore,  the  coexistence  of 
domains  with  four  equivalent  polar  vectors  results  in  a  4-fold  axis  along 
[001],  consequently  resulting  in  the  macroscopic  symmetry  4mm  arising  from 
the  local  3m  symmetry. 

SUMMARY 

Domain  configuration  and  ferroelectric  related  properties  of  rhombohedral 
PZN-8%PT  crystals  were  investigated  as  a  function  of  E-fieid  and 
crystallographic  orientation.  In-situ  domain  observations  revealed  the  domain 
instability  for  [111]  oriented  rhombohedral  crystals,  corresponding  to  large 
hysteresis  of  the  strain  vs.  E-field  behavior.  In  contrast,  an  engineered 
domain  configuration  of  [001]  oriented  rhombohedral  crystals  was  found  to 
be  stable.  Domain  motion  was  undetectable  under  DC-bias,  resulting  in 
hysteresis  minimized  strain  vs.  E-field  behavior.  Crystallographic  ally,  the 
macroscopic  tetragonal  symmetry  (4mm)  arising  from  local  rhombohedral  3m 
symmetry  resulting  from  the  four  equivalent  domain  state  was  suggested. 
Further  detailed  studies  such  as  TEM  observations  are  required  to  understand 
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the  engineered  domain  observed  in  [001]  poled  PZN-8%PT  crystals. 
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Electric  field  dependence  of  piezoelectric  properties  for  rhombohedral 
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The  electric  field  dependence  of  the  piezoelectric  properties  of  rhombohedral 
0.955Pb(Zn1/3Nb2/3)O3-0.045PbTiO3  crystals  were  investigated  as  a  function  of  orientation  with 
respect  to  the  prototypic  (cubic)  axes.  For  (111)  oriented  fields,  depolarization  and  subsequent 
domain  reorientation  resulted  in  an  apparent  maximum  in  the  piezoelectric  coefficients  occurring  at 
~5  kV/cm,  followed  by  nonhysteretic  saturation,  indicating  a  single  domain  state  under  bias.  By 
extrapolation,  single  domain  values  for  the  piezoelectric  coefficients  d33  and  d31  were  determined  to 
be  125  and  —35  pC/N,  respectively.  The  hydrostatic  piezoelectric  coefficient  dh  for  single  domain 
crystals  was  calculated  to  be  -55  pC/N,  coincident  with  the  experimentally  determined  values 
under  hydrostatic  pressure.  For  (001)  oriented  fields,  piezoelectric  coefficients  ^33(001)  and  ^3i<ooi) 
as  high  as  2250  and  —1000  pC/N  were  determined,  respectively.  Although  a  high  value  of  d/,<ooi) 

(—250  pC/N)  was  expected,  the  experimentally  determined  value  was  only  —50  pC/N.  A  change  of 
polar  vector  within  the  crystal  lattice  was  discussed  in  relation  to  the  volume  strain  associated  with 
an  E-field  induced  phase  transition  and  the  possible  origin  of  the  discrepancy  in  hydrostatic  dh 
values.  ©  1999  American  Institute  of  Physics.  [S002 1-8979(99)05705-9] 


I.  INTRODUCTION 

High  levels  of  piezoelectric  activity  have  been  reported 
for  single  crystals  in  the  rhombohedral  ferroelectric 
Pb(Zn1/3Nb2/3)03(PZN):PbTi03(PT)  solid  solution 
system.1-4  It  must  be  remembered  that  even  in  ferroelectric 
single  crystals,  the  pizeoelectric  response  depends  critically 
on  its  domain  structure,  and  it  is  only  in  the  single  domain 
state,  or  in  a  carefully  engineered  domain  state,  that  the  prop¬ 
erties  are  reproducible  and  age  free. 

In  earlier  studies  of  rhombohedral  PZN-PT  crystals 
poled  along  their  polar  axis,  pseudocubic  (111),  Park3  and 
Wada5  presented  evidence  that  a  single  domain  state  was  not 
stable,  indicating  that  previous  reported  piezoelectric  coeffi¬ 
cients  were  probably  determined  on  partially  depolarized 
samples.  However,  a  stable  domain  state  and  correspond¬ 
ingly  high  level  of  piezoelectric  activity  could  be  achieved  in 
nonpolar  (001)  oriented  crystals:  for  such  crystals,  a  single 
domain  state  cannot  be  achieved. 

In  this  article,  the  piezoelectric  behavior  as  a  function  of 
field  direction  was  investigated  for  rhombohedral  PZN-PT, 
specifically,  PZN-4.5%PT  crystals,  located  at  the  center  of 
the  rhombohedral  compositional  range  (0%-9%  PT).  Longi¬ 
tudinal,  transverse,  and  hydrostatic  piezoelectricity  were 
investigated  as  a  function  of  crystallographic  direction  and 
related  domain  configuration.  Piezoelectric-domain  interre¬ 
lationships  were  established  in  order  to  obtain  single  domain 
properties  for  (111)  oriented  crystals  and  to  elucidate  the 
induced  phase  transition  behavior  associated  with  these  ma¬ 
terials. 
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II.  EXPERIMENT 

A.  Crystal  growth 

Crystals  of  (1  —  x)PZN-xPT  were  grown  using  the  high 
temperature  flux  technique.  High  purity  (>99.9%)  powders 
of  Pb304,  ZnO,  Nb305,  and  TiC>2  (Aldrich.  WI)  were  used. 
Excess  Pb304  was  added  as  flux.  The  powders  were  dry 
mixed  using  a  tumbling  mill.  The  mixed  powders  were 
loaded  into  a  platinum  crucible,  which  was  placed  in  an  alu¬ 
mina  crucible  sealed  with  an  alumina  lid  and  alumina  cement 
to  minimize  PbO  volatilization.  The  alumina  crucible  was 
placed  in  a  tube  furnace  and  held  at  soak  temperature  (1100- 
1200  °C),  followed  by  slow  cooling  to  900  °C  at  a  rate  of 
1-5  °C/h.  The  crucible  was  then  furnace  cooled  to  room 
temperature.  Hot  HN03  was  used  to  separate  the  crystals 
from  the  melt.  Typically,  crystal  sizes  were  8-20  mm.  Crys¬ 
tal  samples,  oriented  along  the  (001)  and  (111)  directions 
using  a  Laue  Camera,  were  prepared  by  polishing  with  sili¬ 
con  carbide  and  alumina  polishing  powders  to  achieve  flat 
and  parallel  surfaces  onto  which  good  electrodes  were  depos¬ 
ited  by  sputtering. 

B.  Electrical  characterization 

Dielectric  and  piezoelectric  properties  were  measured 
using  direct  observations  of  strain  as  a  function  of  electric 
field  and  low-field  properties  using  the  IEEE  resonance 
technique.6  The  hydrostatic  piezoelectric  coefficient  dh  was 
obtained  by  measuring  the  charge  response  under  hydrostatic 
pressure.  High-field  measurements  included  polarization  and 
strain  hysteresis  incorporated  a  modified  Sawyer-Tower  cir¬ 
cuit  and  a  linear  variable  displacement  transducer  (LVDT) 
driven  by  a  lock-in  amplifier  (Stanford  Research  system, 
model  SR830).  Plate-shaped  samples  with  thicknesses  rang- 
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TABLE  I.  Dielectric  and  piezoelectric  rhombohedral  properties  of  PZN-4.5%PT  crystal  as  a  function  of 


crystallographic  orientation. 


Crystal 

orientation 

*33 

*31 

^33 

(pC/N) 

^31 

(pC/N) 

dh 

(pC/N) 

S£ 

(10-a'nr/N) 

*^33 

(10~12  m2/N) 

Dielectric 

constant 

Loss 

<m> 

0.41 

0.17 

92 

-47 

55 

13.6 

8.32 

640 

0.002 

(001) 

0.92 

0.57 

2280 

-1015 

50 

71.7 

120.1 

5000 

0.003 

mg  from  0.2  to  0.5  mm  were  employed  for  measurements. 
Electric  fields  as  high  as  ~80  kV/cm  were  applied  using  an 
amplified  triangle  or  unipolar  wave  form  at  0.2  Hz,  from  a 
Trek  609c-6  high  voltage  dc  amplifier.  During  testing  the 
samples  were  submerged  in  Fluorinert  (FC-40, 3  m,  St.  Paul, 
MN).  an  insulating  liquid,  to  prevent  arcing. 

III.  RESULTS  AND  DISCUSSION 

A.  Low  field  measurements 

Table  I  presents  dielectric  and  piezoelectric  properties  of 
pZN_4o%PT  crystals  as  a  function  of  crystallographic  ori¬ 
entation.  measured  using  the  IEEE  standard  method.6  As  re¬ 
ported  by  Park  et  al.?  PZN-4.5%PT  crystals  oriented  along 
{001)  exhibited  electromechanical  coupling  (£33(001})  and 
longitudinal  piezoelectric  coefficients  f ^33(001))  35  high  35 
92%  and  2280  pC/N,  respectively.  A  transverse  piezoelectric 
(d3uooi>)  value  of  -1020  pC/N  was  also  determined,  as  pre¬ 
sented  in  Table  I.  Crystals  oriented  along  their  polar  direc¬ 
tion  (111),  however,  exhibited  values  of  £33-41%  and  <f33 
~92  pC/N.  significantly  inferior  to  those  oriented  along 
(001).  also  reported  by  Kuwata  et  al.12  and  Park  et  al? 

For  single  domain  rhombohedral  crystals  of  symmetry 
2m.  the  hydrostatic  piezoelectric  coefficient  dh  can  be  writ¬ 
ten  as  d33+2dn ,  as  in  the  case  of  polycrystalline  piezoelec¬ 
tric  ceramics.  From  Table  I,  the  piezoelectric  coefficient  dh 
for  (111)  oriented  crystals  results  in  an  abnormally  low  and 
neeative  value  of  -2  pC/N.  Using  axis  transformation  for 
(001)  oriented  rhombohedral  crystals,  the  equation  <4<ooi> 
=  1/3/3(^33+2^31)  is  not  applicable  since  a  single  domain 
state  does  not  exist.  Wada  et  al.5  proposed  that  (001)  polar¬ 
ized  rhombohedral  PZN-PT  crystals  possess  a  tetragonal 
macro  symmetry  (4mm)  with  the  fourfold  axis  along  the 
poling  direction,  a  consequence  of  an  engineered  domain 
state.~Therefore,  taking  (001)  as  the  new  symmetric  axis, 
dh( oon  can  be  calculated  using  the  relation  t4(ooi)  =  ^33<ooi) 
+2<f31(ooi>,  resulting  in  dk(m~250  pC/N.  However,  as 
presented  in  Table  I,  dh  values  directly  measured  were  only 
55  pC/N  ((111))  and  50  pC/N  ((001)).  In  Sec.  fflB,  this 
discrepancy  is  discussed  in  relation  to  domain  configuration 
and  domain  (in) stability. 

B.  Strain  versus  E-field  behavior  for  ((111))  oriented 
PZN— 4.5%PT  crystals 

As  the  pseudocubic  (1 1 1)  is  the  polar  direction  for  rhom¬ 
bohedral  ferroelectric  crystals,  this  is  also  the  direction  in 
which  an  electric  field  must  be  applied  to  obtain  a  single 
domain  state.  Figure  1  shows  longitudinal/transverse  strain 
versus  unipolar  E-field  behavior  for  a  (111)  poled  crystal.  As 
presented,  hysteresis  in  the  strain  versus  E-field  curves  at  low 


fields  is  the  result  of  domain  instability  and  subsequent  do¬ 
main  reorientation  under  bias.3  Nearly  linear  and  hysteresis 
free  behavior  at  fields  greater  than  30  kV/cm  indicates  a 
single  domain  state.  Wada  et  al5  also  observed  single  do¬ 
main  behavior  of  (111)  oriented  PZN-PT  rhombohedral 
crystals  at  E  fields  >30  kV/cm.  This  domain  instability  and 
subsequent  difficulty  in  obtaining  single  domain  crystals  may 
be  related  to  residual  elastic  strain  upon  poling.7  As  for  the 
case  of  BaTi03  crystals,  single  domain  PZN-PT  crystals 
may  require  a  specific  elastic  treatment  during  the  poling 
process.  The  d,;s  of  (111)  oriented  crystals  given  in  Table  I, 
therefore,  are  coefficients  measured  from  partially  depoled 
crystals,  and  not  single  domain  crystals.  Fundamentally,  this 
inherent  domain  instability  is  believed  to  be  the  origin  of  the 


FIG.  1.  Strain  vs  unipolar  £-field  behavior  for  (Ill)  poled  crystals:  (a) 
longitudinal  strain,  (b)  transverse  strain. 
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FIG.  2.  Piezoelectric  coefficients  ( J?3  and  dn)  obtained  from  the  slope  of 
strain  vs  E-field  curves  in  Fig.  1(a)  433 ;  (b)  . 

calculated  negative  hydrostatic  dh  coefficients,  since  depo¬ 
larization  results  in  the  longitudinal  (transverse)  piezoelectric 
coefficient  to  decrease  (increase). 

Figure  2  presents  longitudinal  and  transverse  piezoelec¬ 
tric  coefficients  ( J33  and  d^\)  obtained  from  the  slope  of  the 
strain  versus  E-field  curves  in  Fig.  1.  The  maxima  in  d^s  at 
5  kV/cm  are  believed  to  be  the  result  of  domain  reorientation 
under  bias.  Since  the  strain  versus  E-field  curve  in  Fig.  1  was 
hysteresis  free  at  E>30  kV/cm.  d^s  at  E>30  kV/cm  in  Fig. 
2  correspond  to  single  domain  values.  The  piezoelectric  co¬ 
efficients  of  single  domain  crystals  at  low  fields,  therefore, 
may  be  extrapolated  as  indicated  by  the  dashed  line,  result¬ 
ing  in  d33  and  d3}  values  of  125  and  -35  pC/N,  respectively, 
being  significantly  different  than  the  low  field  values  given 
in  Table  I.  It  is  also  important  to  note  that  these  values  result 
in  a  dh~~55  pC/N,  coinciding  well  with  the  experimentally 
determined  dh  value. 

C.  Strain  versus  E-field  behavior  for  ((001))  oriented 
crystals 

Polarization  hysteresis  behavior  and  subsequent  strain 
versus  E-field  (bipolar)  curves  of  (001)  oriented  PZN- 
4.5%PT  crystals  are  shown  in  Fig.  3.  Remanent  polarization 
( Pr )  values  of  —25  /zC/cm2  for  (001)  oriented  crystals  are 


-20  -15  -10  -5  0  5  10  15  20 


-20  -15  -10  -5  0  5  10  15  20 

E  (kV/cm) 


FIG.  3.  Polarization  and  strain  vs  E-field  (bipolar)  curves  for  (001)  oriented 
PZN-4.5%PT  crystals:  (a)  polarization;  (b)  longitudinal  strain;  (c)  trans¬ 
verse  strain. 


reported  corresponding  to  l/V3Er(Ui>  •  The  abrupt  change  in 
polarization  at  Ec  is  a  characteristic  of  domain  switching,  as 
found  in  general  for  all  ferroelectrics,  i.e.,  (001)  nonpolar 
orientation.  However,  a  consequence  of  the  engineered  do¬ 
main  state  is  the  hysteresis  minimized  longitudinal/ 
transverse  strain  behavior  (unipolar)  above  Ec  shown  in  Fig. 
4.  The  longitudinal  and  transverse  piezoelectric  coefficients 
J33  and  d-$\  calculated  by  the  slope  of  the  strain  versus 
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FIG.  4.  Strain  vs  unipolar  F-field  behavior  for  (001)  crystals:  (a)  longitudi¬ 
nal  strain:  (b)  transverse  strain. 


£-field  curve  were  -2100  and  -850  pC/N,  respectively, 
slighdy  lower  than  that  measured  by  the  EEEE  resonance 
technique.  In  regard  to  hydrostatic  dh,  using  the  <^33<ooi) 
d3i{ooi>  values  from  Fig.  4  resulted  in  a  calculated  <4<ooi>  °f 
—400  pC/N.  still  significantly  larger  than  that  experimentally 
determined.  Unlike  {111)  oriented  crystals,  this  inconsis¬ 
tency  could  not  be  explained  by  domain  instability  because 
the  engineered  domain  configuration  was  stable  with  no  or 
minimal  domain  motion  under  bias.  It  seems  that  the  change 
in  domain  wall  configuration  under  bias  may  be  the  under¬ 
lying  cause  of  this  discrepancy.  Further  investigation  of  the 
domain  wall  state  as  a  function  of  the  £  field  is  required. 

D.  &field  induced  phase  transition 

High  field  strain  versus  £-field  behavior  for  (001)  ori¬ 
ented  crystals  is  presented  in  Fig.  5.  As  suggested  by  Park3 
and  supported  using  in  situ  domain  observations,8  the  high- 
field  phase  induced  at  £  fields  >~36  kV/cm  is  believed  to 
be  a  tetragonal  phase.  The  volumetric  strain  associated  with 
the  induced  phase  transition  is  presented  in  Fig.  6.  Although 
a  volume  expansion  of  -0.3%  was  associated  with  the  in¬ 
duced  phase  transition,  a  decrease  in  volume  was  detected 
starting  at  20  kV/cm.  The  volumetric  strain  may  be  written 
as  follows: 


dV/V0=Qh(P2E-Pl),  (D 

where  Vq  is  the  initial  volume  of  the  crystal,  <2/»  *he  hy¬ 
drostatic  electrostrictive  coefficient  (  =  <2n  +  22i2),  Pl  is 
the  magnitude  of  zero-field  spontaneous  lattice  polarization, 
and  PE  is  the  magnitude  of  total  lattice  polarization  under  dc 
bias.  Since  Qh  is  a  material  constant,9  the  volumetric  strain 
is.  therefore,  dependent  only  upon  the  polarization  change  by 
the  lattice  response  under  bias  or  phase  switching.  It  should 
be  noted  that  PL  and  PE  are  not  the  apparent  polarization, 
but  the  magnitude  of  the  polar  vector  in  the  crystal  lattice. 
For  example,  the  apparent  spontaneous  polarization  is  a 
function  of  crystallographic  direction  (43  fx  and  25  /tC/cm 
for  (111)  and  (001)  oriented  crystals,  respectively),  but  PL  is 
43  yuC/cm2,  independent  of  the  orientation.  In  Eq.  (1),  PE  is 
equal  to  PL  (  =  F(1U>)  under  zero  bias  and  to  F<ooi>  or^Y  if 
the  entire  crystal  is  occupied  by  the  induced  phase.  The  vol¬ 
ume  decrease,  as  shown  in  Fig.  6.  indicates  that  the  magni¬ 
tude  of  the  polar  vector  in  the  crystal  lattice  decreases  during 
the  induced  phase  transition.  This  is  schematized  in  Fig.  7, 


FIG.  6.  Volume  strain  vs  unipolar  £-field  behavior  for  (001)  crystals. 
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FIG.  7.  Schematic  of  changes  in  polar 
vectors  and  unit  cell  volume  for  (001) 
oriented  rhombohedral  crystals  under 
bias.  Note  that  polar  vectors  are  no 
longer  along  the  body-diagonal  direc¬ 
tion  of  pseudocubic  unit  cell,  under 
bias,  for  the  engineered  domain  state 
(b)  and  (c). 


adding  an  intermediate  stage  between  Figs.  7(b)  and  7(d).3 
The  magnitude  of  the  polar  ionic  shift  in  the  crystal  lattice 
may  have  to  be  reduced  with  the  change  of  its  shift  direction, 
i.e..  from  (111)  to  (001),  implying  the  crystal  symmetry  be¬ 
comes  closer  to  its  prototype  symmetry  m3m  during  the  in¬ 
duced  phase  transition.  It  is  noted  that  the  volumetric  strain 
becomes  negative  on  switching  back  to  the  low  field  phase, 
indicating  that  PE  becomes  smaller  than  PL .  As  the  induced 
phase  transition  gradually  occurs  with  nucleation  and  growth 
processes,8  volumetric  strain  can  be  positive  or  negative  de¬ 
pending  on  the  nucleation  and/or  growth  speed  with  respect 
to  the  £-field  change  rate.  It  is  noted  that  under  high  electric 
field,  the  polar  vectors  no  longer  lie  in  the  body-diagonal 
direction  of  the  pseudocubic  unit  cell  within  the  engineered 
domain  state,  as  shown  in  Figs.  7(b)  and  7(c).  Further  dis¬ 
cussion  associated  with  the  changes  in  polarization  values 
for  domain  engineered  crystals  will  be  reported  elsewhere.10 

IV.  CONCLUSION 

The  ferroelectric  related  properties  of  rhombohedral 
PZN-4.5%PT  crystals  were  investigated  as  a  function  of 
crystallographic  direction  and  subsequent  domain  configura¬ 
tion.  For  crystals  oriented  along  the  polar  (111)  direction, 
inconsistency  among  low  field  piezoelectric  properties  was 
believed  to  be  the  result  of  domain  instability  and  subsequent 
partial  depolarization.  At  high  fields  >30  kV/cm,  strain  ver¬ 
sus  E- field  curves  were  hysteresis  free  and  single  domain 
rhombohedral  crystals  could  be  ascertained.  Piezoelectric  co¬ 
efficients  125  pC/N.  d31 - 35  pC/N.  and  dh~55  pC/N 

for  single  domain  crystals  were  determined  by  extrapolating 
high  field  di;  values.  In  contrast,  low  field  strain  versus 
£-fieId  curves  were  hysteresis  minimized  as  a  result  of  the 
stable  engineered  domain  state  for  (001)  oriented  PZN-PT 
rhombohedral  crystals.  Although  d^^  values  of  >200 


pC/N  were  expected  from  measured  piezoelectric  coeffi¬ 
cients  (tf33— 2280  pC/N  and  d3l - 1020  pC/N),  the  experi¬ 

mentally  determined  dh  value  was  only  —50  pC/N.  Further 
investigation  of  the  engineered  domain  state(s)  and  domain 
wall  modulation  under  bias  is  required  to  answer  the  origin 
of  this  inconsistency.  High  field  strain  versus  £-field  behav¬ 
ior  was  characterized  by  an  induced  phase  transition 
rhombo-tetragonal,  resulting  in  volume  strain  as  high  as 
0.35%.  Volume  strain  versus  £-field  curves  indicated  that  the 
magnitude  of  polarization  in  the  crystal  lattice  decreases 
transiently  in  order  for  the  direction  of  ionic  shift  to  change 
from  (111)  to  four-fold  symmetric  (001)  axis. 
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Without  external  fields,  ferroelectric  materials  will  have  multidomain  configuration  in  the 
ferroelectric  state.  Detailed  analysis  found  that  twinning  may  not  be  treated  as  random  since  the 
number  of  orientations  for  the  domain  walls  are  limited  in  a  given  symmetry  change  during  a 
ferroelectric  phase  transition.  In  each  finite  region  of  a  large  crystal  or  in  small  crystallites,  a 
particular  set  of  twins  is  favored  under  certain  boundary  conditions,  which  consists  of  only  two  of 
the  low  temperature  variants.  Statistic  models  of  random  distribution  of  domains  do  not  apply  for 
calculating  the  physical  properties  of  such  twin  structures.  However,  one  could  derive  the  two 
domain  twin  properties  by  using  the  constitutive  equations  and  appropriate  mechanical  boundary 
considerations.  This  paper  presents  a  theoretical  analysis  on  such  a  two-domain  twin  system, 
including  its  global  symmetry  and  effective  material  properties  resulting  from  different  twinning 
configurations.  Numerical  results  are  derived  for  LiNb03  and  BaTi03 .  ©  1999  American  Institute 
of  Physics,  [S0021-8979(99)01214-l] 


I.  INTRODUCTION 

The  macroscopic  material  properties  of  a  multidomain 
ferroelectric  system  are  the  collective  average  of  individual 
domains.  Traditionally,  people  took  statistic  average  of  the 
properties  of  all  the  low  temperature  variants  and  used  the 
volume  ratio  as  the  weighting  factor.  However,  in  reality, 
different  physical  properties  may  follow  different  averaging 
rules  depending  on  the  geometric  configuration.  For  many 
properties  the  contribution  of  each  domain  do  not  always 
coincide  with  their  volume  ratio.  For  example,  the  elastic 
constant  of  a  fiber  reinforced  composite  is  much  larger  in  the 
fiber  length  direction  than  in  its  radial  direction,  although  the 
volume  ratio  can  be  the  same.  Similarly,  in  a  multidomain 
system  the  contribution  of  each  domain  not  only  depends  on 
the  volume  ratio  but  also  on  the  relative  geometric  configu¬ 
ration  and  on  the  orientation  of  the  applied  external  fields. 
Experimental  evidence  showed  that  the  domains  often  appear 
in  a  twin  band  with  only  two  variants  in  the  set.1,2  Even  for 
a  ceramic  system,  domains  observed  in  each  given  grain  are 
mostly  twin  pair  sets  rather  than  all  the  available  variants. 
Such  a  limited  variant  twinning  pattern  is  more  pronounced 
in  a  single  crystal  system  since  all  orientations  must  be  co¬ 
herently  joined  together.  Each  twin  band  often  occupies  a 
sizable  volume  in  a  large  single  crystal.  Generally  speaking, 
two-variant  twinning  is  the  basis  of  all  multidomain  systems 
in  ferroelectrics. 

Recent  development  in  domain  engineering  of  relaxor 
based  single  crystal  systems  (e.g.,  for  single  crystals  PZN- 
PT,  PMN-PT)  produced  much  enhanced  piezoelectric  and 
dielectric  properties.3  Experimental  observation  showed  that 
many  engineered  crystal  systems  have  only  two  variants.4 
Even  those  nonpoled  samples  are  composed  of  large  regions 
of  two-variant  twin  band  structures.  Experimental  observa- 
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tion  of  these  relaxor  based  single  crystals  revealed  that  the 
twinning  mostly  consists  of  two  variant  twins5,6  (for  PZN 
and  for  BaTi03).  It  is  also  found  that  the  orientation  of  the 
two-domain  system  and  the  selection  of  the  variants  can  sig¬ 
nificantly  influence  the  effective  material  properties  of  mul¬ 
tidomain  systems.  This  means  that  the  statistical  model  or 
models,  based  only  on  the  volume  ratio,  will  not  give  proper 
prediction  of  the  physical  properties  in  these  domain  engi¬ 
neered  crystals.  Roughly  speaking,  the  volume  ratio  average 
scheme  assumed  isotropic  distribution  of  domain  walls  and 
ignored  the  cross  coupling  between  different  quantities  of  the 
associated  domains. 

If  we  utilize  the  fact  that  the  basic  domain  structure  only 
consists  of  two  variants  and  they  have  a  certain  orientation 
relation  in  domain  engineered  crystal  systems,  it  is  possible 
to  accurately  derive  the  apparent  macroscopic  property  by 
directly  applying  external  loads  to  the  system.  Such  a  two- 
variant  domain  set  can  then  serve  as  the  building  block  for 
calculating  properties  of  systems  with  more  complex  domain 
patterns. 

The  importance  of  calculating  the  effective  properties  of 
two  domains  lies  in  the  fact  that  the  macroscopic  properties 
observed  experimentally,  whether  from  an  ultrasonic  method 
or  from  a  resonance  technique,  are  actually  a  collective  con¬ 
tribution  of  the  existing  domains,  not  all  possible  domains.  In 
a  given  domain  engineered  single  crystal,  only  some  of  the 
low  temperature  variants  can  appear. 

Because  of  the  importance  of  predicting  the  effective 
material  properties,  there  is  vast  literature  on  property  aver¬ 
aging  of  multicomponent  systems.  For  example,  the  equiva¬ 
lent  elastic  constants  were  previously  calculated  for  two 
layer  elastic  system7  by  using  the  volume  ratio  as  the  weight¬ 
ing  factor  for  both  the  stress  and  strain.  This  approach  allows 
the  calculation  of  elastic  properties  in  two  layer  system  for 
materials  of  any  symmetry  and  any  orientation  between  the 
two  layers.  This  method  was  later  extended  to  piezoelectric 
materials.8  The  dynamic  approach  for  calculating  the  effec- 
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the  response  to  derive  the  effective  average  property  of  this 
twin  crystal.  For  generality,  we  allow  the  crystallographic 
symmetry  of  both  materials  to  be  arbitrary,  however  the  ma¬ 
terial  properties  of  both  domains  must  be  expressed  in  the 
same  coordinate  system  before  performing  the  average.  For  a 
ferroelectric  system,  the  material  properties  are  represented 
by  the  elastic  compliance  tensor  s(,),  piezoelectric  constant 
tensor  d(i)  and  dielectric  constant  tensor  e('),  which  satisfy 
the  constitutive  relations 


D(,) /  \  d(i>  «<'•>/ U(,'>/  (I  _1,2) 


(1) 


FIG.  1.  The  two  domain  system  with  coordinate  systems  chosen  with  the  y 
axis  perpendicular  to  the  domain  wall  (DW). 


tive  material  properties  of  piezoelectric  layered  material  of 
arbitrary  orientation9  was  based  on  the  nature  of  acoustic 
wave  propagation  in  layered  material  in  the  long-wavelength 
limit.  It  allowed  explicit  calculation  of  a  complete  set  of  all 
material  properties.  Another  method  for  effective  material 
property  calculations  is  the  method  of  effective  medium 
which  was  applied  to  calculate  the  properties  of  polyciystal- 
line  ceramics10-12  and  piezoelectric  composites.13,14  The  me¬ 
chanical  stress  and  electric  field  were  assumed  uniform  in  the 
matrix  and  in  the  inclusion  (grains).  The  average  was  calcu¬ 
lated  under  a  number  of  assumptions  about  the  space  distri¬ 
bution  and  the  shape  of  inclusions  (spherical  and  elliptical 
shape).  Effective  material  properties  for  1-3  composites 
were  calculated  for  6 mm  symmetry  as  a  function  of  volume 
fraction.13  While  all  of  these  techniques  have  advantages  and 
disadvantages  in  certain  aspects,  they  have  provided  guid¬ 
ance  for  many  particular  applications  and  for  the  proper 
characterization  of  multicomponent  systems  of  interest  to  a 
certain  accuracy. 

However,  it  is  not  appropriate  to  use  the  volume  ratio 
average  if  there  are  only  a  limited  number  of  domains  in  a 
system.  In  this  paper  we  will  try  to  eliminate  some  of  those 
less  convincing  assumptions  used  in  previous  averaging 
methods  and  to  develop  a  systematic  procedure  particularly 
applicable  to  a  two-domain  twin  system.  We  will  use  differ¬ 
ent  weighting  factors  for  different  physical  properties  based 
on  the  relative  orientation  to  the  external  stress  and  electric 
field.  Some  quantities  in  each  domain  can  be  the  same  as  in 
the  combined  twin  system  rather  than  all  quantities  being  the 
weighted  average.  We  will  also  give  the  macroscopic  sym¬ 
metry  associated  with  twinning  of  different  pairs  of  the  low 
temperature  variants  resulting  from  cubic  to  rhombohedral 
and  cubic  to  tetragonal  ferroelectric  phase  transitions. 

II.  AVERAGING  OF  TENSOR  PROPERTIES  IN  A  TWIN 
CRYSTAL 

For  the  twinned  structure  under  study,  we  assume  that 
the  two  variants  have  a  volume  ratio  of  u(1)  and  v(2)  and  the 
domain  wall  (DW)  is  perpendicular  to  the  y  axis.  Consider¬ 
ing  the  unit  cell  of  a  twin  structure  as  shown  in  Fig.  1,  we 
can  apply  static  stress  and  electric  field  to  the  system  and  use 


where  the  superscripts  (1)  and  (2)  represent  the  quantity  for 
domain  1  and  domain  2,  respectively.  rfl)  and  D(,)  are  the 
elastic  strain  tensor  and  the  electric  displacement  vector,  T(,) 
and  E(f)  are  the  stress  and  electric  field,  respectively.  The 
two  domains  can  be  of  different  thickness,  which  is  repre¬ 
sented  by  volume  ratios  u(1)  and  u(2)  with  u(1)  +  i/2)=  1. 
Components  of  elastic  strain  rj  are  assumed  to  be  symmetric, 
while  the  components  of  elastic  stress  do  not  have  this  sym¬ 
metry  due  to  the  cross  domain  coupling.  The  simplified  no¬ 
tation  is  related  to  the  true  tensor  notation  in  the  following 
form: 


Tij 
TU  +  TJi 


i=j 

i*j. 


(ij=  1,2,3;  X=  1,. . .  ,6). 


(2) 


Since  the  material  properties'  are  similar  in  magnitude  for  the 
two  domains,  unlike  the  case  of  polymer-ceramic 
composite,15,16  it  is  reasonable  to  assume  that  the  mechanical 
stress,  strain,  electric  field  and  electric  displacement  in  both 
domains  are  homogeneous  in  the  equilibrium  state.  At  equi¬ 
librium,  the  effective  stress  and  strain  of  the  twin  system  is 
symmetric  and  the  two  domains  are  required  to  form  a  co¬ 
herent  nonseparating  boundary  (DW)  under  external  applied 
stresses.  For  convenience,  we  will  use  the  shortened  notation 
for  all  the  tensor  components  of  material  properties  defined 
by17 


S\v 


dip 


sijkl 

i=j,k  =  l' 

^sijkl 
2  Sijkl 

ii=j,k=l 

i=j,k±l 

•  (i,j,k,l=  1,2,3; 

^Sjjkl 

i^j.k^l  ^ 

X,v=l,. . .  ,6), 

(3a) 

dijk 

2djjk 

j—k\ 

...  {j<k=  1,2,3  ;/t=  1,. . .  ,6). 

J*k] 

(3b) 

The  constitutive  relations  for  each  of  the  domains  are 
t <4a) 
D(n)=e(»)£(n)+rfwr(«)  (i,j,k,l=  1,2,3  ;«  =  1,2),  (4b) 
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where  )  and  E[n^  are  the  components  of  the  elastic  stress 
tensor  and  electric  field  vector,  respectively. 

Volume  ratio  averaging  conditions  can  be  expressed  as8 

V jf  =  v^rff+v (2)  v\j] .  (5a) 

rcff=u(I)T(j)  +  i;(2)r(2)  (ij=  1,2,3).  (5b) 


These  relations  cannot  hold  true  simultaneously  for  both  the 
strain  and  stress  as  one  can  see  from  the  twin  structure  in 
Fig.  1.  We  need  to  redefine  the  conditions  for  such  a  system 
for  which  the  orientation  and  configuration  are  known.  Me¬ 
chanical  equilibrium  and  nonseparable  boundary  conditions, 
i.e.,  the  continuity  of  the  three  components  of  stress: 
rW ,  723  and  tW,  six  components  of  strain: 
Vn  *  V33  » V32  *  Vn  *  V31  and  ^12  » tw0  components  of  electric 
field,  E\l)  and  and  the  electric  displacement 

(z- 1,2),  lead  directly  to  the  following  conditions  across  the 
domain  wall: 


77(I)=77(2) 

Vn  Vn  » 

(6a) 

„<!)  =  „(2) 

V33  V33  > 

(6b) 

„(D=  „(2) 

V32  V32  » 

(6c) 

„(1)=77(  2) 

^13  V\3  » 

(6d) 

r7(1)=r?(2) 

V3\  V31  * 

(6e) 
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77(I)-T7(2) 

Vn  Vn  » 

(6f) 

D{P=D%\ 

(6g) 

'r(l)_  nr{2) 

1  22  ”  1  22  » 

(6h) 

r(i)-r(2) 

1  23  “  1  23  » 

(60 

'rO)  —  7^2) 

7  21  “*21  * 

(6j) 

(6k) 

4°=42). 

(61) 

These  conditions  provided  different  averaging  rules  for  some 
components  of  elastic  stress,  strain,  electric  field  and  electric 
displacement. 

Equations  (6a)-(61)  give  the  relations  between  the  elas¬ 
tic  stress  and  electric  field  in  domain  2  and  domain  1.  For  a 
prescribed  stress  or  electric  field  to  the  twinned  system,  one 
can  first  represent  the  stress  and  field  in  domains  1  and  2 
using  the  global  quantities.  Then,  these  tensor  components 
can  be  substituted  into  Eqs.  (5a)-(5b)  to  find  the  effective 
material  properties.  The  linear  system  of  equations,  Eqs. 
(6a)-(61)  can  be  solved  in  matrix  form 

b(l)^I)=b(2)^2),  (7) 

where 
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and  transposed  vector  is  given  by 


Nine  simple  loads  for  the  two-domain  system  were  ap¬ 
plied  to  help  us  derive  the  independent  effective  constants.  In 
each  case,  only  one  or  two  components  of  the  load  are  non¬ 
zero. 

longitudinal  stress 


To  find  out  the  effective  material  properties  of  the  two- 
domain  system,  we  can  use  matrix  calculations.  In  the  ex¬ 
amples,  however,  we  will  solve  them  in  steps  for  conve¬ 
nience. 


1.  T?fe0' 

2.  0 

3.  7^0, 


all  other  Tjf  are  zero  and  E  • 1 ff=  0; 
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ldtf-4 » 

d%-d$ 

y  _£eff  M 

y?"  '  d®-d® 

d%~d<$ 

(1) 

e12  €12 

1 4?-4i) 

,/(2)  ^(1) 

“33  a33 

v  __  peff  <*34 

y#  1  4?>-4i> 

e23  623 

The  mechanical  stresses  if}*  and  electric  field  E(2l)  are  dif¬ 
ferent  in  general  for  these  simple  loads.  Values  of  mechani¬ 
cal  stress  and  electric  field  in  domain  2  can  be  expressed 
from  Eqs.  (6a)-(61)  using  values  of  corresponding  compo¬ 
nents  in  domain  1.  We  can  solve  Eq.  (10a)  and  substitute  the 
results  into  Eqs.  (5a)-(5b)  to  find  the  effective  material  prop¬ 
erties  for  the  two-domain  system.  Detailed  procedure  is  il¬ 
lustrated  in  the  example  below. 

111.  EXAMPLES  OF  TENSOR  PROPERTY  AVERAGING 
FOR  A  TWIN  CRYSTAL  WITH  THE  SAME 
VOLUME  RATIOS  OF  THE  TWO  DOMAINS 

As  an  example,  we  calculate  the  effective  material  prop¬ 
erties  of  a  3m  symmetry  class  single  crystal,  such  as  the 
PZN-PT  single  crystal,  with  a  set  of  twins  containing  equal 
volume  ratios  of  the  two  domains.  First  of  all,  we  need  to 
rotate  all  tensor  components  of  material  properties  for  both 
domains  from  their  own  material  coordinates  to  the  same 
global  coordinate  system  (material  coordinate  for  the  parent 
cubic  structure).  Components  of  material  properties  for  do¬ 
mains  1  and  2  are  rotated  to  the  common  coordinate  system 
using  matrices 

1  J_  _L 

V?  >/6  V3 

1  _L  _L 

V2  V6  V3 

2  1 
0  H 

1  _L  _L 

yj2  \/3 

1  1  _±_ 

V?  V6  V3 

2  1 

0  V3 


Because  the  prototype  symmetry  of  the  paraelectric  phase  is 
cubic,  the  possible  DW  orientations18  for  the  two  domains 
with  polarization  P^lll]  and  P5[ni]  are  [010]  and 
[101].  We  calculate  the  effective  material  properties  for  the 
case  with  DW  oriented  in  [010].  Domains  are  often  ob¬ 
served  as  periodic  twin  bands  in  most  ferroelectric  materials, 
therefore  it  is  reasonable  to  assume  the  same  volume  ratios 
for  the  two  domains,  i.e.,  =  the  expected  sym¬ 

metry  of  such  a  twin  structure  and  its  effective  material  prop¬ 
erties  is  mm2. 

Independent  material  properties  for  the  3  m  symmetry 
class  in  its  own  crystallographic  coordinate  system  with  the 
mirror  symmetry  plane  perpendicular  to  the  x  axis  can  be 
found  in  published  tables.17 

Material  properties  for  domain  1  in  the  chosen  coordi¬ 
nate  system  (as  plotted  in  Fig.  1)  are 


(12a) 


(12b) 


(12c) 


while  material  properties  for  the  second  domain  in  the  same 
coordinate  system  can  be  derived  as 


/  d  J, 

d'n 

d'n 

~d[  4 

d'n 

-d'n) 

d'<2>=  ~d[2 

~d'n 

-d'n 

d'n 

-d\, 

d'n 

» 

\  d\2 

d[2 

d'n 

~d'n 

d'n 

-d'J 

(13c) 
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where 

s'n  =  5(4*11  +  45,3+472.5,4+533+2*44).  (14a) 

jJ2=  s('Sll  +  3ji2+4ji3-2>/2j14+i33-S44),  (14b) 

■y14=  9('Sll-3^12+'Sl3+  V2514+ 533-544),  (14c) 

s'ls=U-^u+2sn-yj2sl4+2s33+s4A),  (14d) 

^44=  \  (5  Jii— 3jj2~  4  Ji3— 43/2^14+2533+544),  (14e) 

$45=  5(-2jn+6Ji2-8.ji3+ 4  V2.J34+ 4533-544), 
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where  we  reshaped  matrix  A  and  vectors  xx  ,yj  for  conve¬ 
nience.  The  solution  of  Eq.  (10a)  for  our  particular  case  is 
given  by 

TSP-rff,  7^=0,  Til\)  +  Ti3\)=0,  (16) 

detB2 


7<32)  =  (-20 


detB[ 

detB 


^=(-20 


detB 


...  detB3 


where 


d[\~  3^(2^i5_ 2\/2rf22+2J31  +  d33), 

— 7=(~^i5+  'I2d22+2d3i  +  d33>)> 
3  V3 

d[4= - i=(dis+2yj2d22+d3l-d33), 

3  V3 

— -j=(di5+2\l2d22~2d31+2d33), 
3  V3 


(14f) 

(14g) 

(14h) 

(14i) 

(14j) 


B,= 


^44 

s45 

45\ 

t 

S14 

s45 

<*;5\ 

^45 

S44 

B,= 

s15 

S44 

d'u] 

d'n 

d[5 

J 

' 

d'n 

dli 

«»/ 

'  s'u 

S\4 

dli 

\ 

1  5^4 

545 

*14  \ 

s45 

^15 

d'u 

b3= 

s45 

•*44 

15 

^d[5 

d'n 

€\1‘ 

/ 

\dl  1 

dli 

d'J 

(17) 


(18) 


(19) 


€;i  =  i(2e11+e33).  (14k) 

6l2=5(_ell+e33)-  (^41) 

As  an  example,  let  us  apply  load  1,  i.e.,  Tff^O,  other  are 
all  zero  (the  other  loads  2-9  can  be  solved  similarly).  The 


Mechanical  stresses  in  domain  2  are  expressed  as 

Tgl-O,  T%>=-T$,  (20) 

T^+ r(3i)=o,  A 22=-t[\\  e(22)=-e(21).  (21) 

Now  we  can  substitute  these  expressions  into  the  averaging 
conditions  Eqs.  (6a)-(61)  and  obtain  some  of  the  effective 
material  properties  for  the  two-domain  system.  The  same 
procedure  can  be  applied  to  the  other  loads  2—9  and  a  com¬ 
plete  set  of  effective  material  properties  for  the  twin  structure 
will  be  obtained  and  they  are  explicitly  given  below: 


(22a) 


corresponding  matrices  for  the  linear  system  are 
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where 

5 1  if  =  5 1  j  ■ -  (5  ;4detB,  +  5  ;5detB2  +  d^detBj  )/detB, 

5^f=5;2-(jI5detBi  +  5;5detB2  +  d1'1detB3)/detB, 

5$= =5  ;2-  (5l5detB1  +  5;4detB2  +  d;2detB3)/detB, 
5 15 = 5 15  _  (s^detB  1  +  545detB2  +  d  J4detB3 )/ detB, 
5  if =  5  J  j  —  ( 5  J  5  detB4 + 5  J  5  de  tB5  +  J  [  detB6 )  /  detB , 


(22b) 

(22c) 

(23a) 

(23b) 

(23c) 

(23d) 

(23e) 
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25 1 =  s  i4~  ( *45detB4 + 5  45detB  5  +  d  |4detB6)/detB ,  (23f) 

£44  —  £44  (s J4detB7  +  s J5detB8  +  s^detBgVdetB*,  (23g) 

^46 = ^45  —  (*  l5detB7  +  5  |4detBg  +  j45detB9)/detB*,  (23h) 

^55= 5j4"  (.s’45detB10+ j^detBj  x + J4detB12)/ detB,  (23i) 

e|1-(j;4detB13+d;5detB14+  <rJ2detB15)/detB,  (23j) 

e*f=  e[2~  (</;5detB13+di,4detB14+  e;2detB15)/detB,  (23k) 

e%=  e;i-(d;2detB16+j;2detB17+d;4detBl8)/detB*,  (231) 
du~d'n~(s  i4detBi3 + s  I5detBi4+ dJ2detB  ,s)/detB,  (23m) 

dn= d'n~(s  !5detB13+ s  ;5detB14+ d[  1detB15)/detB,  (23n) 

dn=d'n-(s  !5detB13+ 5  ;4detB14+ </;2detB15)/detB,  (23o) 

^'5  =  ^  J5  -  ( s45detB  13 + s45detB  14+  d  |4detB  i5)/ detB,  (23p) 

dfi=  d'i5~  (s  ;4detBi6+ s  I5detB17+ ^5detBlg)/detB*,  (23q) 


where 
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The  symmetry  of  these  effective  material  properties  is  at 
least  mm2.  Some  may  show  degeneracy  in  certain  compo¬ 
nents. 

Similar  calculations  can  be  carried  out  for  any  arbitrary 
material  symmetry  and  arbitrary  orientation  of  domains  and 
DW. 


IV.  NUMERICAL  EXAMPLES  FOR  mZm-^Zm  AND 
mZm->4mm  FERROELECTRIC  SPECIES 

In  order  to  make  some  comparison  between  our  method 
and  the  volume  ratio  weighted  average,  we  have  performed  a 
numerical  computation  for  two  systems  that  have  experimen¬ 
tal  data  available  in  the  single  domain  single  crystal  state. 
Unfortunately,  the  lack  of  experimental  results  prevented  us 
from  direct  comparison  to  measured  data  for  a  two-domain 
twin  band  system.  The  two  systems  calculated  represent  do¬ 
mains  formed  at  the  ferroelectric  phase  transitions  of  m3m 
—>3m  and  m3m— >4mm.  (BaTi03)  was  chosen  as  an  ex¬ 
ample  for  the  m3  m—^  4mm  transition.  There  are  unfortu¬ 
nately  no  complete  data  sets  available  for  the  m3m—>3m 
transition.  Therefore  we  used  the  numerical  data  of  LiNb03 
in  the  3  m  phase  and  assumed  that  the  domain  structures 
could  be  engineered  to  the  configurations  resulting  from  a 
m3m— >3m  transition  (the  true  phase  transition  of  LiNb03  is 
3m— >3 m  and  there  are  only  180°  domains  in  its  natural  3m 
phase). 

If  the  effective  material  properties  could  be  calculated 
based  on  volume  ratio  weighted  average,8  the  effective  ma¬ 
terial  properties  can  have  a  very  compact  form.  In  vector 
notation,  the  effective  material  properties  of  a  two-domain 
system  are  given  by  a  9X9  matrix 


M=  (d  "J)’  (25> 


where  s  is  a  6X6  matrix  of  the  elastic  compliances,  d  is  a 
6X3  matrix  of  piezoelectric  constants  and  e  is  a  3X3  matrix 
of  the  dielectric  constant.  Because  the  volume  ratio  weight¬ 
ing  method  eliminated  the  cross  coupling  between  domain  1 
and  domain  2  and  ignored  the  orientation  effect,  the  effective 
material  properties  can  be  simply  expressed  as 

u(2)  \ 

o,+>M,2,j 

x((m<‘>r'm'!>+^lj  ,  (26) 

where  M(1)  and  M(2)  are  matrices  of  material  properties  of 
both  domains  and  I  is  a  9X9  unit  matrix.  The  matrices  m(I) 
and  m(2)  are  given  by 


M=  M(1)(m(1))^1m 
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TABLE  I.  Effective  material  properties  for  two  variant  twin  structure  of  LiNb03  and  BaTi03 .  The  coordinate 
system  is  chosen  in  the  way  that  the  y-axis  is  perpendicular  to  the  DW.  Zero  values  of  tensor  components  are 


listed  by  dots. 
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Numerical  values  for  a  two-domain  system  of  engineered 
LiNb03  and  BaTi03  calculated  using  this  approach8  are 
listed  in  Table  I  to  compare  with  the  numerical  values  ob¬ 
tained  by  using  the  method  given  in  this  paper  (also  listed  in 
Table  I). 

It  is  important  to  point  out  that  the  global  symmetry  of 
the  twin  structure  is  maintained  whether  or  not  the  intercou¬ 
pling  between  the  two  domains  has  been  considered.  For  the 
case  of  LiNb03,  the  symmetry  belongs  to  the  mm2  class. 
For  BaTi03  the  symmetry  of  the  system  is  also  mm2 ,  but 
there  is  additional  degeneracy  for  some  material  properties. 
They  are:  Using  the  method  of  volume  ratio 

average,8  only  two  of  the  degenerate  relations  >s'i7==*y22  'sn 
=  $23  hold  for  the  elastic  compliance  tensor. 

From  Table  I,  the  difference  in  elastic  properties  calcu¬ 
lated  using  these  two  methods  is  small.  This  is  because  the 
elastic  properties  of  the  two  variants  are  very  similar,  the 
intercoupling  effect  is  not  significant.  The  difference  is  much 
larger  in  the  piezoelectric  and  dielectric  constants  for  lower 
symmetry  systems.  For  LiNb03 ,  the  calculated  piezoelectric 
coefficient  dl3  using  these  two  methods  differ  by  more  than 
100%  and  the  dielectric  coefficient  e13  even  have  different 
signs.  It  appears  that  the  difference  becomes  smaller  for 
higher  symmetry  systems.  For  the  4 mm  symmetry  BaTi03 , 
the  difference  is  within  a  few  percent  for  most  of  the  quan¬ 
tities.  Therefore,  the  volume  ratio  averaging  method  could 
give  good  predictions  on  the  effective  properties  for  higher 
symmetry  systems  but  may  run  into  problems  for  lower  sym¬ 
metry  systems. 

V.  DISCUSSION  AND  CONCLUSIONS 

In  summary,  we  have  reported  in  this  paper  a  general 
procedure  to  calculate  the  effective  material  properties  of  a 
two-variant  twin  structure.  The  method  has  taken  into  ac¬ 
count  specifically  all  the  boundary  conditions  and  used  more 
realistic  relations  for  each  individual  tensor  component, 
rather  than  using  a  unified  volume  ratio  averaging  scheme. 
This  procedure  requires  to  solve  two  sets  of  linear  systems  of 
equations  and  could  be  easily  implemented  using  a  com¬ 
puter.  The  equations  are  all  linear  and  can  be  solved  without 
much  difficulty. 

In  order  to  compare  our  method  to  the  volume  averaging 
scheme,  we  have  calculated  two  systems  with  polar  symme¬ 


tries  of  3m  and  4 mm  using  both  methods.  It  was  found  that 
the  new  method  gives  similar  results  for  a  4mm  system  but 
predicts  quite  different  piezoelectric  and  dielectric  coeffi¬ 
cients  for  3  m  systems.  In  some  components,  the  difference 
can  exceed  100%.  The  elastic  properties,  however,  differ 
very  little  for  both  symmetries  because  the  two  types  of  do¬ 
mains  are  very  similar  in  elastic  properties,  therefore  the  cou¬ 
pling  of  the  two  domains  does  not  make  a  significant  differ¬ 
ence  while  performing  the  property  average. 

Two  variant  twins  are  the  basis  of  all  twin  structures  as 
revealed  by  all  microscopy  works.  Properly  calculated,  the 
effective  property  of  the  two-variant  twins  will  pave  the  way 
to  calculating  more  precisely  more  complicated  multidomain 
single  crystal  ferroelectric  systems. 
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Elastic,  Piezoelectric,  and  Dielectric  Properties 
of  0.955Pb(Zni/3Nb2/3)O3-0.45PbTiO3  Single 
Crystal  with  Designed  Multidomains 

Jianhua  Yin,  Bei  Jiang,  and  Wenwu  Cao 


Abstract — The  elastic,  piezoelectric,  and  dielectric  prop¬ 
erties  of  a  0.955Pb(Zn1/3Nb2/3)Os-0.045PbTiO3  (PZN- 
4.5%PT)  multi-domain  single  crystal,  poled  along  [001]  of 
the  original  cubic  direction,  have  been  determined  exper¬ 
imentally  using  combined  resonance  and  ultrasonic  meth¬ 
ods.  At  room  temperature,  the  PZN-4.5%PT  single  crys¬ 
tal  has  rhombohedral  symmetry.  After  being  poled  along 
[001],  four  degenerate  states  still  remain.  Statistically,  such 
a  domain-engineered  crystal  may  be  treated  as  having  an 
average  tetragonal  symmetry,  and  its  material  constants 
were  determined  based  on  4  mm  symmetry.  It  was  con¬ 
firmed  that  the  electromechanical  coupling  coefficient  fcss 
for  the  domain-engineered  samples  is  >90%,  and  the  piezo¬ 
electric  constant  da 3  is  >2000  pC/N.  A  soft  shear  mode 
with  a  velocity  of  700  m/s  was  found  in  the  [110]  direc¬ 
tion.  Prom  the  measured  experimental  data,  the  orienta¬ 
tional  dependence  of  phase  velocities  and  electromechani¬ 
cal  coupling  coefficients  was  calculated.  The  results  showed 
that  the  transverse  and  longitudinal  coupling  coefficients, 
fc3i  and  fc3 3j  reach  their  maximum  along  [110]  and  [001], 
respectively. 


I.  Introduction 

Although  early  work  on  Pb(Zn1/3Nb2/3)03-PbTi03 
(PZN-PT)  solid  solution  system  can  be  dated  back 
to  the  1960s  [1],  [2],  it  was  not  until  very  recently  that 
this  relaxor-based  ferroelectric  single  crystal  system  has 
generated  a  great  deal  of  attention.  It  was  found  that  the 
single  crystal  system  exhibits  an  extraordinary  large  elec¬ 
tromechanical  coupling  coefficient  Aj33  (>90%)  and  piezo¬ 
electric  coefficient  d33  (>2000  pC/N)  at  room  temper¬ 
ature  after  being  poled  in  [001],  which  is  off  the  po¬ 
larization  direction  of  <111>  [3] — [5] .  Considering  that 
the  best  piezoelectric  materials  used  today,  the  modified 
Pb(ZrxTii-x)03(PZT),  only  has  fc33  of  75%  and  d33  of 
700  pC/N,  the  new  system  shows  a  promising  potential  to 
produce  higher  sensitivity  ultrasonic  transducers  with  su¬ 
perior  broadband  characteristics  [6],  large  strain  actuators, 
and  other  electromechanical  devices. 

The  physical  mechanism  of  this  multidomain  system  is 
still  unclear  at  the  moment.  The  lack  of  complete  physical 
property  data  is  the  main  hindrance  for  theoretical  studies. 
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Fig.  1.  Possible  domain  configuration  and  associated  polarization 
orientation  in  a  PZN-4.5%PT  single  crystal  after  being  poled  in  [001] 
direction. 


Practically,  it  is  also  very  important  to  have  a  complete  set 
of  elastic,  piezoelectric,  and  dielectric  constants  available. 
At  present,  only  one  electromechanical  coupling  coefficient 
fc33  and  one  piezoelectric  coefficient  d33  have  been  reported 
[3]-[5].  The  aim  of  this  paper  is  to  provide  a  complete 
set  of  such  data  for  the  PZN-4.5%PT  domain-engineered 
single  crystal.  These  data  were  obtained  by  using  a  com¬ 
bined  method  involving  both  pulse-echo  and  impedance 
resonance  techniques. 

Above  150°C,  the  crystal  PZN-4.5%PT  has  a  cubic 
perovskite  structure  with  symmetry  m3m  but  becomes  a 
rhombohedral  ferroelectric  phase  with  3m  symmetry  below 
the  phase  transition  temperature  [5].  When  an  electric  pol¬ 
ing  field  along  [001]  of  the  original  cubic  axis  is  applied  to 
the  crystal,  a  multidomain  configuration  can  be  produced 
(as  shown  in  Fig.  1)  consisting  of  four  degenerate  states 
and  charged  domain  walls  [5].  For  convenience,  the  coor¬ 
dinate  systems  used  for  the  orientations  in  this  paper  are 
all  based  on  the  high  temperature  cubic  phase.  Statisti¬ 
cally,  the  poled  system  should  have  a  pseudo-tetragonal 
4  mm  macroscopic  symmetry,  although  the  microscopic 
symmetry  of  the  system  is  3m  [5].  Our  measured  mate¬ 
rial  properties  presented  in  this  paper  are  based  on  this 
4  mm  symmetry.  There  are  total  of  11  independent  phys¬ 
ical  constants  describing  the  elastopiezo-dielectric  matri¬ 
ces  for  the  4  mm  symmetry  [7]. 

The  dielectric  constants  and  were  calculated 
from  the  low  frequency  capacitance  using  the  parallel  ca¬ 
pacitor  approximation.  Two  of  the  elastic  compliances, 
and  S33,  and  the  two  electromechanical  coupling  coeffi¬ 
cients,  &33  and  &31 ,  were  calculated  from  the  resonance  and 
antiresonance  frequencies  of  the  length-extensional  modes 
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of  long  vibration  bars.  Another  five  elastic  constants  (cf2, 
cf2,  c£,  cf6,  and  c^)  were  determined  from  the  mea¬ 
surements  of  phase  velocities  of  ultrasonic  waves  propa¬ 
gating  along  certain  orientations.  Using  this  measurement 
scheme,  the  only  samples  needed  are  those  with  the  ori¬ 
entations  of  [001]/[010]/[100]  and  [001]/[110]/[ll0] .  Thus, 
fewer  samples  are  required  when  using  this  combined  mea¬ 
surement  technique  [8]. 

For  each  given  wave  propagation  direction,  the  relation¬ 
ship  between  the  phase  velocity  and  associated  material 
constants  can  be  obtained  by  solving  the  Christoffel  wave 
equations  [9],  and  these  velocities  can  be  measured  using 
the  pulse-echo  technique  [7], 


II.  Experimental  Procedure 

The  impedance  resonance  method  and  ultrasonic  pulse- 
echo  technique,  described  in  the  IEEE  standards  on  piezo¬ 
electricity  [7],  are  often  used  to  characterize  material  prop¬ 
erties  for  piezoelectric  materials  [10],  [11].  Theoretically,  all 
independent  elastic,  piezoelectric,  and  dielectric  constants 
for  any  crystal  symmetry  can  be  determined  either  by  the 
resonance  method  or  by  the  ultrasonic  method,  provided 
there  are  sufficient  numbers  of  differently  oriented  samples. 
In  reality,  however,  for  materials  of  lower  symmetry,  some 
geometries  for  resonance  measurements  are  difficult  to  pre¬ 
pare,  especially  when  the  available  crystal  is  too  small  to 
make  large  aspect  ratio  resonators.  On  the  other  hand, 
because  the  ultrasonic  technique  can  only  measure  certain 
elastic  constants  through  the  measurement  of  phase  veloc¬ 
ities,  large  errors  can  be  introduced  for  derived  material 
constants  that  are  not  related  to  pure  modes.  High  acous¬ 
tic  attenuation  of  certain  modes  may  also  damp  the  prop¬ 
agation  of  ultrasonic  waves  in  certain  directions  so  that  a 
complete  set  of  material  constants  for  low  symmetry  sys¬ 
tems  is  also  difficult  to  obtain  using  the  ultrasonic  method 
alone.  In  this  work,  we  have  selected  only  those  simple  pure 
modes  in  each  method  and  combine  the  measured  data  to 
minimize  errors  in  the  results. 

In  the  ferroelectric  phase,  the  dipole  in  each  unit  cell  of 
the  PZN-4.5%PT  crystal  is  along  one  of  the  eight  <11 1> 
directions.  It  has  been  shown  experimentally  that  the  crys¬ 
tal  can  hold  a  macroscopic  polarization  only  when  the 
electric  field  is  applied  along  one  of  the  six  <100>  di¬ 
rections^],  [4],  After  the  application  of  a  poling  electric 
field  along  [001],  there  are  still  four  remaining  degenerate 
dipole  orientations.  Such  a  poling  field  creates  a  multido¬ 
main  structure  with  strong  elastic  interaction  among  the 
existing  domains.  Statistically,  the  four  remaining  domains 
have  an  equal  possibility  to  form  so  that  the  global  macro¬ 
scopic  symmetry  has  been  assumed  as  4  mm  in  all  previous 
studies  [5]. 

The  as-grown  crystals  were  first  orientated  using  the 
Laue  method  with  an  accuracy  of  ±0.5°.  Then,  each  sam¬ 
ple  was  cut  and  polished  into  a  rectangular  parallelepiped 
shape  with  three  pairs  of  parallel  surfaces.  Gold  electrodes 
were  sputtered  on  to  the  [001]  and  [001]  faces  of  each  sam¬ 


ple,  and  an  external  electric  field  of  1.0  to  1.5  MV/m  was 
applied  at  room  temperature  to  pole  the  sample.  The  final 
dimensions  of  the  samples  used  for  the  ultrasonic  measure¬ 
ments  were  about  3x3x1  mm3 .  For  the  length-extensional 
resonance  measurements,  the  aspect  ratio  of  the  sample  ex¬ 
ceeded  5:1  to  yield  nearly  pure  resonance  modes  [7].  Sev¬ 
eral  sets  of  samples  were  prepared  for  a  consistency  check. 
For  the  bar  samples  used  in  the  resonance  measurements, 
different  aspect  ratios  were  fabricated  to  ensure  purity  of 
the  modes.  In  addition  to  samples  with  [001]/[010]/[100] 
and  [001]/[110]/[1 10]  orientations,  a  resonance  bar  with 
its  long  dimension  in  [110]  and  thickness  in  [001]  was  also 
made  to  verify  the  anisotropy  calculations. 

A  15-MHz  longitudinal  wave  transducer  (Ultran  Lab¬ 
oratories,  Inc.,  Boalsburg,  PA)  and  a  20-MHz  shear  wave 
transducer  (Panametrics,  Waltham,  MA)  were  used  for  the 
pulse-echo  measurements.  The  electric  pulses  used  to  ex¬ 
cite  the  transducer  were  generated  by  a  Panametrics  200- 
MHz  pulser/receiver,  and  the  time  of  flight  between  echoes 
was  measured  by  using  a  Tektronix  460A  digital  oscillo¬ 
scope. 

For  the  length-extensional  resonance  measurements, 
a  HP  4194A  impedance/gain-phase  analyzer  was  em¬ 
ployed.  The  resonance  and  antiresonance  frequencies  cor¬ 
responding  to  the  minimum  and  maximum  values  of  the 
impedance-frequency  spectrum  were  obtained  and  used  to 
calculate  the  corresponding  electromechanical  coupling  co¬ 
efficients  and  elastic  compliance. 

The  dielectric  measurements  were  carried  out  at  1  kHz 
using  a  Stanford  Research  System  SR715  LCR  Meter. 


III.  Results  and  Analyses 

Table  I  lists  the  measured  phase  velocities  of  the  longi¬ 
tudinal  and  shear  waves  propagating  along  different  crystal 
orientations  in  the  domain  engineered  PZN-4.5%PT  sin¬ 
gle  crystals.  The  measured  longitudinal  electromechanical 
coupling  coefficient  £33 ,  the  transverse  coupling  coefficient 
fc3 1  in  [110]  and  [100]  directions,  and  the  frequency  con¬ 
stants  2 lfr  and  2 lfa  for  the  resonance  bars  are  given  in 
Table  II.  Here  l  is  the  length  of  the  resonance  bar,  and 
fr  and  fa  are  the  resonance  and  antiresonance  frequen¬ 
cies,  respectively,  obtained  from  the  electrical  impedance 
spectrum.  The  lateral  coupling  coefficient  £31  is  different 
when  the  long  dimension  is  along  [001]  or  [110]  for  this 
system  because  of  the  anisotropy  of  the  crystal.  For  com¬ 
parison,  the  coupling  coefficients  and  the  frequency  con¬ 
stants  of  PZT-5H,  BaTiC>3  ceramic,  and  BaTiOs  crystal 
are  also  listed  in  Table  II.  The  coupling  coefficients,  £33 
and  &3i,  of  PZT-5H  and  of  BaTiOs  were  directly  taken 
from  [12],  but  the  other  constants  of  these  three  materials 
were  calculated  using  the  data  from  the  same  source.  The 
relationship  between  the  measured  phase  velocities  and  re¬ 
lated  elastic  constants  were  derived  from  the  Christoffel 
wave  equations  and  listed  in  Table  III.  Using  the  four  sets 
of  piezoelectric  constitutive  equations  [7],  a  complete  set 
of  elastic,  piezoelectric,  and  dielectric  constants  of  a  PZN~ 
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TABLE  I 

Measured  phase  velocities  (m/s)  of  ultrasonic  waves  in  a  PZN-4.5%PT  crystal  poled  in  [001]. 
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4618 
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TABLE  II 

Measured  electromechanical  coupling  coefficients  and  frequency  constants  for  PZN-4.5%PT  crystal  poled  in  [001] 

COMPARED  WITH  PZT-5H  AND  BAT1O3.1 


fcino] 

K31 

21  fr. 

fc[i°°] 

re31 

21  fr 

&33 

2  Ifa 

kt 

2lfa 

PZN-%4.5PT 

0.80 

2300 

0.50 

1210 

0.90 

2414 

0.50 

4102 

BaTiOs, crystal2 

0.40 

5729 

0.32 

4542 

0.56 

3926 

0.29 

5452 

BaTi03  , ceramic2 

0.21 

4391 

0.21 

4391 

0.50 

4971 

0.43 

5477 

PZT-5H2 

0.39 

2843 

0.39 

2843 

0.75 

3851 

0.60 

4575 

1  Unit  for  frequency  constant  =  Hertz  •  meter. 

2  fc3i  [001]  and  &33  are  from  [12].  Others  are  calculated  from  the 
material  constants  in  [12]. 
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TABLE  III 

The  relationships  between  phase  velocities  and  elastic  constants. 
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TABLE  IV 

Measured  and  derived  material  properties  of  PZN-4.5%PT  single  crystal  poled  along  [001]. 1 
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p 
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±0.15 
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±0.3 
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Dielectric  constants: 
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Coupling  constants 
Jc * 

*31  *33 

kt 

3000 

1000 

3100 

5200 

3.4 

10.0 

3.2 

1.9 

0.23 

0.50 

0.91 

0.50 

±110 

±45 

±120 

±200 

±0.1 

±0.5 

±0.1 

±0.05 

±0.02 

±0.01 

±0.01 

±0.01 
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density:  p  =  8310  kg/m3. 
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Fig.  2.  Directional  dependence  of  the  longitudinal  velocity,  and 
the  two  shear  velocities,  vai  and  vS2  in  a)  the  [100]  and  [010]  plane, 
b)  the  [010]  and  [001]  plane,  and  c)  the  [110]  and  [001]  plane. 


4.5%PT  crystal  based  on  the  4  mm  symmetry  has  been 
derived  and  is  given  in  Table  IV.  The  independent  ma¬ 
terial  constants  marked  with  a  star  (*)  in  Table  IV  were 
measured  directly;  the  other  constants  in  Table  IV  were 
derived  using  the  constitutive  relations. 

Our  experimental  results  confirmed  the  extraordinar¬ 
ily  large  room  temperature  electromechanical  coupling  co¬ 
efficient,  &33  >  90%,  and  piezoelectric  constant,  c?33  > 
2000  pC/N,  reported  earlier  [3].  More  importantly,  we  have 
provided  a  complete  set  of  material  constants  for  this  PZN- 
4.5 %PT  domain-engineered  single  crystal,  which  can  be 
used  to  perform  theoretical  analysis  and  device  designs.  A 
very  slow  shear  wave  with  a  sound  velocity  of  only  700  m/s 
propagating  in  [110]  and  polarized  in  [110]  was  observed, 
which  implies  that  a  “soft  transverse  acoustic  mode”  exists 
in  this  domain-engineered  single  crystal  system. 


IV.  Error  Analysis 

The  errors  in  these  measured  material  constants  come 
from  the  following  sources:  1)  the  use  of  parallel  plate 
capacitor  approximation  for  dielectric  measurements,  2) 
errors  in  measuring  the  time  of  flight  between  ultrasonic 
echoes,  3)  errors  in  the  measurements  of  resonance  and 
antiresonance  frequencies  and  sample  thickness,  4)  misori- 
entation  and  imperfect  parallelness  of  sample  surfaces,  5) 
inconsistency  between  different  samples,  and  6)  numeri¬ 
cal  errors  for  calculating  those  derived  constants.  We  have 
analyzed  each  error  source  to  provide  an  estimate  for  the 
measurement  errors. 

Using  a  15-MHz  longitudinal  transducer,  we  have  quan¬ 
tified  the  error  for  measuring  the  sound  velocity  to  be  <1% 
for  sample  with  thickness  >2  mm.  The  error  in  the  capac¬ 
itance  measurement  is  about  4%.  Error  from  misorienta- 
tion  is  <1%  if  the  misorientation  is  <2°  as  analyzed  sub¬ 
sequently.  The  largest  error  comes  from  the  inconsistency 
of  different  samples  because  the  properties  of  each  sam¬ 
ple  depend  strongly  on  the  domain  pattern;  the  domain 
pattern  is  controlled  by  the  geometry  of  the  sample  and 
the  poling  process.  This  error  was  minimized  through  an 
oversampling  scheme  in  the  measurements. 

Table  V  shows  the  velocities  from  several  measurements 
in  differently  orientated  samples.  One  can  see  that  the 
difference  among  the  measured  velocities  is  <1%.  How¬ 
ever,  because  the  measured  coupling  coefficients  vary  from 
1  to  3%,  the  error  of  the  calculated  coefficient  s33  = 
^33/  (l  —  ^33)  [7]  can  be  very  large.  This  can  be  seen  from 
the  relative  error  of  s33  caused  by  the  error  of  k33:  ■' 


$s33 

2k335k3s 

533 

(1  ~  ^33) 

When  &33  reaches  >  90%,  the  relative  error  of  sf3  cal¬ 
culated  from  this  formula  will  be  an  order  of  magnitude 
larger  than  that  of  &33.  For  instance,  if  £33  is  0.90  with  a 
relative  error  of  1%,  the  relative  error  for  s33  calculated 
from  (1)  will  be  >10%. 

Table  VI  gives  the  changes  of  some  constants  caused 
by  a  1%  change  in  the  coupling  coefficient  ^33.  Table  VII 
lists  the  measured  results  of  the  length-extension  modes 
from  samples  of  different  aspect  ratios.  For  this  system,  the 
aspect  ratio  (length/ width)  effects  come  not  only  from  the 
influence  of  mode  pureness  as  stated  in  [13],  but  also  from 
the  change  of  the  domain  patterns.  It  was  found  that  the 
coupling  coefficient  decreases  if  the  aspect  ratio  decreases, 
but  the  frequency  constant  increases  for  smaller  aspect 
ratios. 


V.  Anisotropy  Study 

Unlike  Pb(Zr,Ti)C>3  ceramic  samples,  domain-engineered 
PZN-4.5%PT  single  crystals  are  anisotropic  in  the  plane 
perpendicular  to  the  poling  direction.  Therefore,  an  anal¬ 
ysis  of  the  directional  dependence  of  phase  velocities  and 
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TABLE  V 

Measured  phase  velocities  (m/s)  of  ultrasound  waves  in  a  poled  PZN-4.5%PT  crystal  poled  along  [001].  The  left  column 

REPRESENTS  THE  NUMBER  OF  MEASUREMENTS.  (NOTE:  DATA  IN  THE  SAME  ROW  DOES  NOT  NECESSARILY 

MEAN  THEY  ARE  FROM  THE  SAME  SAMPLE.) 


Measurements 

(no.) 

[001] 

v\ 

[001] 

Vs 

[100] 

vi 

»ir 

"i|| 

[1103 

[110] 

viiioi 

"iii 

1 

4098 

2794 

3611 

2773 

2865 

4612 

649 

2864 

2 

4127 

2783 

3681 

2737 

2841 

4602 

667 

2851 

3 

4122 

2766 

3639 

4612 

669 

2855 

4 

4112 

2766 

3696 

4648 

688 

2842 

5 

4121 

3672 

2870 

6 

4080 

3640 

2854 

7 

4123 

2860 

8 

2847 

Average 

4110 

2777 

3656 

2755 

2853 

4618 

668 

2855 

Relative 

0.3 

0.4 

0.7 

0.6 

0.4 

0.3 

1.5 

0.2 

error  (%) 

TABLE  VI 

Comparison  of  derived  constants  for  the  two  cases  of  £33  =  0.90  and  **3  =  0.91. 


^33 

C33 

cP 

c13 

<r33 

sE 

sn 

sE 

*33 

£33 

631 

e33 

<*33 

533 

/131 

^33 

0.91 

9.6 

9.5 

9.3 

13.0 

54.1 

120 

890 

-1.5 

16.5 

2100 

46.4 

-1.9 

20.9 

0.90 

10.1 

10.5 

9.45 

13.1 

51.4 

108 

970 

-3.7 

15.5 

2000 

43.7 

-4.3 

17.4 

81  (%)  1.1 

5.1 

10 

1.6 

0.8 

5.1 

11 

8.6 

85 

6.3 

4.9 

6.0 

77 

18 

1 6  is  relative  error. 


TABLE  VII 

Experimental  results  obtained  from  the  length  extensional  resonance  using  samples  with  different  aspect  ratios. 


l  (mm) 

l/w 

fr  (kHz) 

fa  (kHz) 

&33 

2Z/a(Hz*m) 

4.05 

9.0 

143.9 

298.0 

0.90 

2414 

2.90 

6.3 

222.5 

427.5 

0.88 

2480 

3.10 

4.5 

217.5 

408.8 

0.87 

2534 

3.62 

3.9 

202.4 

372.3 

0.86 

2695 

TABLE  VIII 

Relative  errors  (in  percentages)  introduced  in  velocities  with  a  mis  orientation  of  2°. 


,{001i 

[001] 

Vi 

vjl°0] 

[100] 

"iii 

[110] 

vl 

"ill 

Relative 

0.2 

0.4 

0.3 

0.5 

0.5 

0.06 

2.0 

0.2 

error  (%) 

electromechanical  coupling  coefficients  will  be  very  help¬ 
ful  to  understand  the  nature  of  PZN-PT  crystals.  The 
anisotropy  analysis  was  performed  by  using  the  measured 
data  given  in  Table  IV.  Fig.  2  provides  the  directional  de¬ 
pendence  of  phase  velocities  for  sound  wave  propagating 
in  the  a)  X-Y,  b)  Y-Z,  and  c)  [110]-Z  planes.  The  calcu¬ 
lated  results  reveal  that  the  velocities  of  the  longitudinal 
-waves  do  not  change  with  orientation  as  much  as  that  of 
the  shear  waves.  As  shown  in  Fig.  2(a),  the  shear  wave 
propagating  in  the  X-Y  plane  and  polarized  in  the  same 
plane  has  the  strongest  orientational  dependence.  It  has  a 


maximum  in  [100]  and  a  minimum  in  [110],  respectively. 
Fig.  2(b)  shows  that  the  phase  velocity  of  the  shear  wave 
propagating  and  polarizing  in  the  Y-Z  plane  also  changes 
drastically  with  the  propagation  direction.  Its  maximum 
and  minimum  are  in  [001]  and  [Oil],  respectively.  There¬ 
fore,  the  error  in  phase  velocity  measurements  caused  by 
misorientation  is  larger  for  the  shear  wave  propagating  in 
[110]  than  in  other  orientations.  Table  VIII  lists  the  errors 
of  the  velocities  for  an  assumed  misorientation  of  2°  in 
the  propagation  directions.  The  maximum  error  from  this 
error  source  is  2%. 
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Fig.  3.  Directional  dependence  of  the  coupling  coefficients  ^33,  £31, 
and  Jfet,  respectively,  in  a)  the  [100]  and  [010]  plane,  b)  the  [010]  and 
[001]  plane,  and  c)  the  [110]  and  [001]  plane. 


Fig.  3  shows  the  directional  dependence  of  the  elec¬ 
tromechanical  coupling  coefficients  £33  and  £31  •  The  poling 
direction  is  parallel  to  the  length  direction  for  the  £33  bar 
and  perpendicular  to  the  length  direction  for  the  £31  bar. 
The  coupling  coefficient  A33  has  a  maximum  value  when 
the  length  is  in  [D01]  [Fig.  3(b)];  the  coupling  coefficient  of 
ksi  reaches  the  maximum  when  the  length  is  in  [110]  di¬ 
rection  [Fig.  3(c)].  This  calculated  anisotropy  of  the  lateral 
coupling  coefficient  was  verified  by  the  direct  measurement 
given  in  Table  II.  Fig.  3  also  gives  the  directional  depen¬ 
dence  of  kt ,  the  coupling  coefficient  of  the  thickness  mode 
for  a  flat  plate.  It  has  a  maximum  in  the  [001]  direction. 

Because  the  1-D  formula  for  calculating  the  cou¬ 


pling  coefficient  and  elastic  compliance  from  the  length- 
extensional  mode  is  derived  based  on  the  assumption  of 
a  long  thin  bar  without  lateral  constraints,  a  large  aspect 
.  ratio  is  needed  to  produce  such  decoupled  modes  [7].  Oth¬ 
erwise,  the  measured  coupling  coefficient  from  the  reso¬ 
nance  method  will  be  between  the  value  of  kt  and  £33.  In 
other  words,  the  longitudinal  velocity  would  be  higher  for 
smaller  aspect  ratios.  These  results  were  verified  also  by 
the  experimental  results  given  in  Table  VII.  It  is  worth 
mentioning  that  some  of  the  modes  were  not  pure  even 
with  a  very  large  aspect  ratio  for  this  multidomain  system; 
therefore,  it  is  not  possible  to  obtain  the  complete  set  of 
the  material  properties  by  using  the  resonance  technique 
alone. 


VI.  Summary  and  Conclusions 


The  material  properties  of  a  PZN-4.5%PT  single  crys¬ 
tal  poled  in  the  [001]  direction  of  the  original  cubic  axes 
were  measured  using  a  combined  method  of  ultrasonic 
and  resonance  techniques.  The  crystal  symmetry  of  the 
ferroelectric  state  is  3m  at  room  temperature,  but  the 
macroscopic  average  symmetry  of  the  domain  pattern  is 
pseudo-tetragonal  for  the  [001]  poled  samples.  Rectan¬ 
gular  parallelepiped  samples  with  [001]/ [010]/ [100]  and 
[001]/[110]/[ll0]  orientations  were  made  for  our  measure¬ 
ments.  A  complete  set  of  elastic,  piezoelectric,  and  dielec¬ 
tric  constants  for  the  PZN-4.5%PT  single  crystals  werede- 
termined  from  the  measured  resonance  frequencies,  sound 
velocities,  and  low  frequency  capacitance  values.  The  di¬ 
rectional  dependence  of  the  phase  velocities  of  the  ul¬ 
trasonic  waves  propagating  in  the  X-Y,  Y-Z,  and  [110]- 
Z  planes  were  calculated  based  on  the  measured  data. 
The  calculated  results  showed  that  the  phase  velocities 
are  strongly  anisotropic  for  shear  waves  but  directional  de¬ 
pendence  is  relatively  weaker  for  the  longitudinal  waves. 
A  slow  shear  wave,  about  700  m/s,  was  found  in  the  [110] 
direction  polarized  in  [110].  The  directional  dependence  of 
the  electromechanical  coupling  coefficients  was  also  calcu¬ 
lated  based  on  the  measured  materials  properties.  It  was 
showed  that  the  maximum  value  of  £33  is  in  [001],  and  the 
maximum  of  effective  lateral  coupling  coefficient  k3 1  is  in 
[110].  These  calculated  results  agree  well  with  our  experi¬ 
mental  verifications.  Detailed  error  analysis  was  performed 
for  each  measured  coefficient,  and  it  was  concluded  that 
the  errors  are  small  for  directly  measured  quantities  but 
relatively  larger  for  the  derived  coefficients. 
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Pb(Zn^Nbw)03  single  crystal  is  typical  relaxor  ferroelectrics  and  has  optical  isotropic  property  .  However, 
our  PZN  single  crystal  showed  real  domain  configuration  with  very  small  birefringence  at  room  temperature. 
This  domain  configuration  can  not  satisfy  crystallographic  configuration,  and  its  temperature  dependence 
indicated  that  the  domain  configuration  existed  even  at  200°C.  Moreover,  the  complete  same  domain 
patterns  can  be  always  regenerated  despite  repeated  heat  annealing  at  250*C.  The  characterization  of  the 
PZN  crystal  revealed  that  there  were  growth  twinning  structures,  lattice  defect,  and  inhomogeneity  of 
chemical  composition.  Therefore,  it  suggests  that  very  weak  local  stress  field  caused  by  these  defect 
structure  can  make  polar  micro  region  ordering  and  thus  can  make  the  defect-induced  domain  configuration. 
Key  word:  PZN  single  crystal,  defect-induced  domain  configuration,  polar  micro  region,  relaxor,  defect  structure 

1.  INTRODUCTION 

It  was  well  known  that  PbfZ^^Nb^Oj  (=PZN)  single 
crystal  is  typical  relaxor  ferroelectrics  and  has  an  optical 
isotropic  property15.  To  date,  many  researchers  have 
considered  that  a  polar  micro  region  (=PMR)  must  be 
the  origin  in  the  relaxation  behavior,  and  PMR  could 
also  cause  an  optical  isotropic  state3-9.  Therefore,  PMR 
is  the  most  important  factor  in  the  relaxation  behavior. 

At  present,  there  are  some  models  about  state  of  PMR. 
i.e.,  (i)  superparaelectric  model6,  (ii)  dipolar  and  spin 
glass  model7,  (iii)  dipolar  dielectric  with  random  field 
model8  and  (iv)  breathing  model’.  First  three  models 
were  on  the  basis  of  flipping  polar  vector  in  PMR  while 
the  last  model  was  on  the  basis  of  fixed  polar  vector. 

Therefore,  it  was  very  important  to  observe  PMR 
directly  and  reveal  the  state  of  PMR.  Before,  it  has 
considered  that  chemically  ordered  domain  (COD) 
observed  by  TEM  might  be  PMR,  but  Akbas  and  Devis 
revealed  that  COD  did  not  relate  with  relaxation 
behavior,  i.e.,  PMR,0-n.  Therefore,  to  date,  no  one  has 
observed  PMR  directly. 

Nomura  et  al.  reported  that  before  DC-bias  exposure, 
pure  PZN  crystal  showed  an  optical  isotropic  property 
although  after  DC-bias  exposure,  the  relaxor  state 
changed  to  the  ferroelectric  state  with  a  normal 
ferroelectric  domain5.  However,  in  PZN  single  crystal 
which  we  grew  by  a  flux  method,  a  domain 
configuration  with  very  low  birefringence  was  observed 
clearly  under  crossed-nicols,  as  shown  in  Fig.  1.  This 
domain  configuration  has  some  strange  features,  i.e.,  (1) 
very  unclear  domain  wall,  (2)  partially  curved  domain 
wall,  (3)  very  low  birefringence,  (4)  unexpected  angle 
between  neighbored  domain,  and  (5)  graduation  of 
birefringence  in  one  domain.  Moreover,  it  should  be 
noted  that  our  PZN  crystal  with  the  strange  domain 
configuration  exhibited  the  almost  same  dielectric 
properties  as  those  in  Yokomizo's  isotropic  PZN3J. 

These  results  mean  that  the  relaxation  behavior  in  the 
optical  isotropic  PZN  crystal  is  almost  same  as  that  in 
PZN  crystal  with  the  strange  domain  configuration,  i.e.. 


there  is  no  difference  between  states  of  PMR  in  two 
PZN  crystals.  Therefore,  it  is  so  important  to  discuss 
about  the  domain  configuration  on  the  basis  of 
crystallography,  and  reveal  its  origin. 

Our  objective  is  to  clear  the  strange  domain 
configuration  crystallographicallv,  and  discuss  about  its 
origin.  In  this  study,  we  analyze  the  domain 
configuration  crystallographicallv.  and  also  do  in-situ 
domain  observation  as  a  function  of  temperature. 

2.  EXPERIMENTAL 

PZN  single  crystals  were  grown  by  a  conventional 
flux  method  using  a  PbO  flux.  Further  details  on  the 
crystal  growth  were  reported  elsewhere’2.  Flux  grown 
crystals  were  characterized  using  XRD  and  ICP. 

These  crystals  were  oriented  along  [111]  direction 
using  a  back  reflection  Laue  camera.  After  the 
orientation,  the  crystals  were  cut  and  polished.  For  in- 
situ  domain  observation  from  -100°C  to  200“C  and 
crystallographic  interpretation,  very  thin  crystals  with 
thickness  of  around  50  pm  and  two  mirror-polished 
(111)  surfaces  were  prepared.  Domain  configuration 
was  observed  under  crossed-nicols  at  transmittance 


Fig.  1  Domain  configuration  of  PZN  single  crystal 
oriented  along  [111]. 
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configuration  using  a  Polarizing  microscope  (Carl  Zeiss, 
D-7082).  Prior  to  the  domain  observation,  ail  crystals 
were  annealed  at  250°C  for  15hr  in  air  in  order  to 
remove  ferroelastic  domains. 

3.  RESULTS  AND  DISCUSSION 
3.1  Characterization  of  PZN  crystal:  Powder  XRD 
measurement  of  as-grown  PZN  crystal  indicated  that  an 
average  symmetry  can  be  assigned  to  rhombohedral 
R3m.  and  a-axis  and  a  is  0.4056nm  and  89  55', 
respectively'2.  These  lattice  parameters  were  almost 
consistent  with  those  in  Yokomizo's  crystal4.  On  the 
other  hand,  ICP  measurement  of  the  as-grown  PZN 
crystal  revealed  that  each  wt%  of  lead  (Pb),  zinc  (Zn), 
niobium  (Nb),  and  oxygen  (0)  was  59.9,  5.7,  20.7  and 
13.7,  respectively,  while  in  an  ideal  PZN  crystal,  each 
wt%  of  Pb,  Zn,  Nb,  and  0  is  61.1,  6.4,  18.3  and  14.2, 
respectively12.  This  indicated  that  a  chemical 
composition  in  the  as-grown  crystal  is  slight  Nb-rich, 
while  Yokomizo  et  al.  grew  PZN  crystal  with  almost  its 
stoichiometric  composition*.  Therefore,  as  considered 
electroneutrality  condition,  there  must  be  lattice  defects 

such  as  Nb,-,  V0-#  V,-,  V,"  and  V,, .  in  our  PZN 

crystal. 

Fig.  2  shows  temperature  dependence  of  dielectric 
constant  in  the  as-grown  PZN  single  crystal  oriented 
along  [111]-  T^  and  dielectric  constant  measured  at 
100Hz  was  134°C  and  around  60000,  respectively,  and 
T  at  various  frequencies  shifted  to  higher  temperature 
with  increasing  frequency  while  and  dielectric  constant 
also  decreased  at  the  same  time12.  Moreover,  the 
dielectric  properties  in  our  crystal  were  the  almost  same 
as  those  in  Yokomizo's  crystal5". 

The  above  characterization  suggested  that  about  the 
average  crystal  structure  and  dielectric  property,  there  is 
no  difference  between  our  and  Yokomizo's  crystals 
while  about  chemical  composition,  there  is  a  significant 
difference  between  both  crystals.  Thus,  it  can  be 
possible  that  this  difference  in  defect  structure  can  cause 
the  domain  configuration  (Fig.  1)  in  our  crystal  while 
the  optical  isotropy  in  Yokomizo's  crystal. 

3.2  Crystallographic  domain  assignment:  A 

crystallographic  assignment  of  the  domain  configuration 
(Fig.  1)  was  done  using  a  polarized  microscope.  R3m 
crystal  can  have  8  equivalent  domains  with  polar 
directions  of  <11 1>.  Fig.  3  shows  a  projection  of 
indicatrix  for  8  domains  on  (111)  plane.  Under  fixed 
crossed-nicols,  a,  p  and_  y-domains  with  6  polm 
directions  of  [Til],  [111],  [111].  [Ill],  HU]  [UU 
have  an  extinction  position  by  90°,  and  the  angle 
between  the  extinction  position  of  these  domains  must 
be  30*  or  60°,  while  6-domains  with  2  polar  directions  of 
[111]  and  [TIT]  have  always  an  optical  isotropic  state. 
Therefore,  by  rotating  crystal  under  fixed  crossed-nicols, 
we  can  obtain  the  crystallographic  information  about 
domain  configuration1*14.  Fig.  4  shows  the 
crystallographic  assignment  performed  on  a  part  of  the 
domain  configuration  in  Fig.  1.  The  relationship 
between  neighbored  domains  satisfied  a  crystallographic 
configuration  in  R3m  ferroelectric  crystal.  Moreover,  it 


Fig.  2  Temperature  dependence  of  dielectric  constant 
~  in  PZN  single  crystal  oriented  along  [111]. 


plane  in  R3m  crystal. 


domain  configuration  shown  in  Fig.  1. 


was  confirmed  that  there  are  growth  twinning  structures 
of  {111},  71°  domain  walls  of  {100}  or  109*  domain 
walls  of  {110}.  However,  there  is  still  remained  a 
significant  question  about  crystallographic  assignment, 
i.e.,  it  is  impossible  to  explain  the  high  Miller  indices  of 
planes  such  as  {311}  as  non-180*  domain  wall  in  R3m 
crystal  crystallographically.  Moreover,  as  above 
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mentioned,  there  are  other  questions  in  Fig.  1  such  as  (1) 
very  unclear  domain  wall,  (2)  partially  curved  domain 
wall,  (3)  very  low  birefringence  and  (4)  graduation  from 
dark  to  bright  even  in  one  domain.  Especially,  it  is 
impossible  to  consider  one  region  with  the  graduation  of 
birefringence  as  one  ferroelectric  domain.  Therefore, 
the  above  crystallographic  assignment  revealed  that 
these  domains  can  not  be  regarded  as  a  normal 
ferroelectric  domain. 

3.3  Temperature  dependence  of  domain  configuration: 
The  in-situ  domain  observation  was  done  from  -100°C 
to  200°C.  From  2 5°C  to  -KXTC,  there  is  no  change  of 
domain  configuration  while  its  birefringence  increased 
slightly  with  decreasing  temperature.  This  slight 
increase  of  the  birefringence  suggests  an  increase  of 
spontaneous  polarization.  On  the  other  hand,  from  25  °C 
to  200°C,  a  drastic  decrease  of  the  birefringence  was 
observed  around  115°C  while  there  is  no  change  of  the 
domain  configuration  as  shown  in  Fig.  5.  Pure  PZN  has 
a  phase  transition  around  140*0.  Therefore,  if  the 
domain  configuration  is  induced  on  a  ferroelectric  phase 
transition  from  R3m  to  Pm3m,  we  can  expect  a 
disappearance  of  the  domain  configuration  around 
140°C.  However,  the  domain  configuration  was 
observed  even  at  200*C,  which  means  that  the  domain 
configuration  is  not  normal  ferroelectric  domain. 

3.4  Domain  configuration  before  and  after  poling :  Figs. 
6-(a)  and  (b)  show  the  domain  configuration  before  and 
after  poling.  By  the  poling  at  42kV/cm,  a  normal 
ferroelectric  domain  configuration  expected  in  R3m 
crystal  was  observed  as  shown  in  Fig.  6-(b).  This  detail 
was  described  elsewhere15"'6.  The  ferroelectric  domain 
configuration  induced  by  poling  was  quite  different 
from  the  domain  configuration  in  Fig.  6-(a),  and  thus 
poling  can  break  the  strange  domain  configuration. 
However,  when  poled  PZN  crystal  was  annealed  at 
250°C  for  15h,  it  was  confirmed  that  the  original  domain 
configuration  was  regenerated  completely  as  shown  in 
Figs.  6-(a)  and  (c).  Moreover,  annealing  at  50CTC 
resulted  in  the  complete  regeneration  of  the  original 
domain  configuration.  These  facts  suggested  that  the 
domain  configuration  in  Fig.  6-(a)  has  some  memory 
effect  on  its  configuration.  As  one  of  factors  affecting 
in  the  memory  effect  on  the  domain  configuration,  the 
defect  structure  is  well  known17.  In  this  study, 
characterization  of  PZN  crystal  revealed  that  there  were 
the  defect  structure  such  as  the  lattice  defects, 
inhomogeneity  of  chemical  compositions  and  growth 
twinning  structures.  Therefore,  we  must  consider  the 
defect  structure  as  an  origin  of  the  strange  domain. 

3.5  Defect-induced  domain  configuration:  In  general, 
an  inhomogeneously  distributed  defect  structure  can  be 
the  origin  of  very  weak  local  stress  field.  On  the  other 
hand,  relaxor  material  must  have  PMR  intrinsically  as 
the  origin  of  relaxation  behavior,  and  PMR  is  considered 
as  the  nm-sized  region  with  flipping  or  fixed  polar 
vector.  Moreover.  Cross  proposed  that  PMR  in  relaxor 
can  be  present  above  Therefore,  we  propose  the 
following  model  about  the  strange  domain 


Fig.  5  Temperature  dependence  of  the  domain 
configuration  from  30°C  to  200°C 

configuration,  i.e.,  the  weak  local  stress  field  occurred 
by  the  inhomogeneously  distributed  defect  structures 
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made  polar  direction  of  a  part  of  PMR  ordering,  and 
thus  its  ordering  region  was  observed  as  a  domain  under 
crossed-nicols.  This  model  can  also  explain  all  of 
questions  about  the  strange  domain  configuration.  Now, 
we  believe  that  the  strange  domain  configuration  in  this 
study  should  be  a  defect-induced  domain  configuration, 
and  the  defect-induced  domain  configuration  can  be 
observed  only  in  relaxor  materials.  This  is  because  for 
an  formation  of  the  defect-induced  domain 
configuration,  the  both  PMR  and  inhomogeneously 
distributed  defect  structures  must  be  required. 
Moreover,  it  should  be  noted  that  PMR  may  be  first 
observed  indirectly  in  this  study.  Therefore,  it  is 
possible  that  the  important  information  about  PMR  can 
be  obtained  through  the  study  about  the  defect-induced 
domain  configuration,  and  now  we  are  doing  so. 

4.  CONCLUSION 

Our  flux-grown  PZN  crystal  exhibited  the  strange 
domain  configuration  with  very  small  birefringence. 
The  crystallographic  assignment  revealed  that  this 
domain  configuration  can  not  be  a  normal  ferroelectric 
domain.  The  temperature  dependence  of  this  domain 
configuration  indicated  that  the  domain  configuration 
existed  even  at  200°C.  Moreover,  the  same  domain 
patterns  can  be  always  regenerated  despite  of  repeated 
heat  annealing  at  250°C.  Our  PZN  crystal  also  included 
growth  twinning  structures,  lattice  defects,  and  an 
inhomogeneity  of  chemical  composition.  Therefore,  it 
suggests  that  very  small  local  stress  field  caused  by 
these  defect  structures  can  make  PMR  ordering,  and 
thus  can  make  the  defect-induced  domain  configuration. 
Therefore,  it  is  possible  to  obtain  the  information  about 
relaxation  mechanism  of  PZN  from  the  study  about  the 
defect-induced  domain  configuration.  Thus,  a 
significant  decrease  of  the  birefringence  around  115°C 
suggested  that  the  state  of  the  polar  vector  changed 
remarkably. 

5.  ACKNOWLEDGEMENTS 

The  authors  thank  Mrs.  Lei  and  Mr.  Liu  for  great 
help  with  PZN  crystal  growth,  and  also  thank  Dr. 
Newnham,  Dr.  Fousek.  Dr.  Cao  and  Dr.  Randall  of 
MRL,  PennState  university  for  helpful  discussion  about 
domain  configuration. 

References 

'V.  A.  Bokov  and  I.  E.  Myl'nikova.  Soviet  Phys.  Solid  State ,  2. 
2428-31  (1961). 

2N  P  Khuchua,  V.  F.  Bova  and  I.  E.  Myl'nikova,  Soviet  Phys . 
Solid  State,  10,  194-5(1968). 

3Y.  Yokomizo  and  S.  Nomura.  J.  Phys .  Soc.  Jpn.,  28, 
Supplement,  150-2  (1970). 

JY.  Yokomizo,  T.  Takahashi  and  S.  Nomura,  7.  Phys.  Soc.  Jpn., 
28.  1278-84(1970). 

5S.  Nomura,  M.  Endo  and  F.  Kojima,  Jpn .  J.  Appl.  Phys.,  13, 
2004-8(1974). 

6L.  E.  Cross,  Ferroelectrics ,  76,  241-67  (1987). 

"D.  Viehland,  S.  J.  Jang  and  L.  E.  Cross,  J.  Appl.  Phys.,  68, 
2916-21  (1990). 

*W.  KJeemann,  Int.  J.  Mod.  Phys.  B ,  7,  2469-507  (1993). 

'A.  E.  Glazounov  and  A.  K.  Tagamsev,  Ferroelectrics ,  (1998) 
in  press. 

:  M.  A.  Akbas  and  P.  K.  Davies.  J.  Am.  Ceram.  Soc.,  80,  2933- 
6  ( 1997). 

11 P.  K.  Davies  and  M.  A.  Akbas.  Ferroelectrics ,  (1998)  in 
press. 


Fig.  6  Domain  configuration  at  25 °C  before  poling  (a), 
after  poling  at  42kV/cm  (b)  and  after  heat  annealing  at 
250‘Cfor  15h  (c). 

::5.-E.  Park,  M.  L.  Mulvihill.  G.  Risch  and  T.  R.  Shrout,  Jpn.  J. 
Appl.  Phys.,  36,  1 154-8  (1997). 

53J.  Fousek,  Czech.  J.  Phys..  B21. 955-68  ( 1971). 

;JE.  I.  Eknadiosiants,  V.  Z.  Borodin,  V.  G.  Smotrakov,  V.  V. 
Eremkin  and  A.N.  Pinskaya.  Ferroelectrics .  Ill,  283-9  (1990). 
SS.  Wada,  S.-E.  Park,  L.  E.  Cross  and  T.  R.  Shrout,  J.  Korean 
Ph\s.  Soc..  32,  S 1290-3  (1998). 

"S.  Wada,  S.-E.  Park,  L.  E.  Cross  and  T.  R.  Shrout, 
Ferroelectrics,  (1998)  in  press. 

'~W.  Cao,  Phase  Trans.,  55.  69-78  (1995). 


^Received  December  1 1.  1998:  accepted  February  28,  1999) 


APPENDIX  28 


Switching  Current  In  Pb(Zni/3NbM)03  -PbTi03  Single  Crystals 
Uma  Belegundu,  Xiaohong  Du  and  Kenji  Uchino 
International  Center  for  Actuators  Transducers 
Materials  Research  Laboratory,  Pennsylvania  State  University 
University  Park  PA  16803,  USA 


Abstract:  Switching  current  measurements  have  been  carried  out  on  relaxor  ferroelectric  single  crystal  - 
pure  PZN,  and  the  solid  solution  (1-x)  Pb(Zni/3Nby3)03-xPbTiO3  with  x=  0.04,  0.09,  0.10.  Measurements  have 
been  done  for  crystallographic  directions  [001]  and  [111]  for  all  these  compositions.  Switching  times  versus  the 
applied  field  showed  the  following  results.  Pure  PIN  along  [111]  and  0.90PZN  -  0.1  OPT  along  [001],  and  [111] 
showed  an  exponential  dependence.  Along  [001]  the  PZN  showed  a  linear  fit.  For  solid  solution  single  crystals- 
0.96PZN  -0.04PT  and  0.91  PZN-  0.09PT,  a  linear  fit  was  obtained  for  the  reciprocal  switch  times  versus  applied 
field  for  both  the  directions.  If  we  draw  a  parallel  picture  with  the  reported  barium  titanate  data,  it  appears  that  the 
polarization  reversal  is  controlled  by  nucleation  along  [111]-  spontaneous  direction  for  PZN  and  [ 001 ],  [111]  for 
0.90PZN  -  0.1  OPT.  The  mobility  of  the  reversed  domains  controls  the  reversal  along  [001]  for  PZN  and  the  solid 
solution  single  crystals  with  rhombohedral  composition  along  [001]  and  [111].  The  transient  current  curves  showed 
two  maximum  points  for  crystals  with  x  =  0.04  and  0.09.  This  is  attributed  to  the  co-existence  of  the  two  phases  in 
0.96PZN -0.04PT  and  0.91PZN -0.09PT  crystals. 

INTRODUCTION 

Measurement  of  switching  current  to  study  the  polarization  reversal  phenomena1  is  well  known. 
In  this  method,  a  series  of  symmetric  bipolar  voltage  pulse  which  produces  polarization  reversal  is  applied 
to  the  crystal  and  the  transient  current  measured  across  a  resistor  connected  in  series  with  the  sample. 
Information  on  polarization  reversal  processes  was  obtained  by  switching  current  measurements  for 
BaTi03  (BT)2,3.  These  measurements  for  BT  showed  that  the  total  polarization  reversal  time  depends  on 
the  applied  field. 

Such  transient  current  studies  have  not  been  carried  out  on  relaxor  ferroelectric  single  crystals 
such  as  Pb(Zni/3  NbM)03  (PZN)  and  their  solid  solutions  with  PbTi03  (PT).  In  this  paper,  the  experimental 
results  of  switching  current  measurements  for  PZN,  PZN  -  PT  single  crystals  and  their  dependence  on 
crystal  orientation  are  presented.  Their  switching  behavior  is  examined  in  terms  of  the  presently  accepted 
model  of  domain  nucleation  and  growth. 

Single  crystals  of  0.91PZN-  0.09PT  are  known  to  show  very  high  values  of  electromechanical 
coupling  factor  k33  of  92-95  %  and  piezoelectric  constant  d33  of  2500  pC/N4,5.  In  this  system,  PZN  having 
rhombohedral  symmetry  is  a  relaxor  ferroelectric  material  which  undergoes  a  diffuse  phase  (frequency 
dependent)  transition  around  140°C.  On  the  other  hand  lead  titanate  PT  having  a  tetragonal  symmetry  is  a 
normal  ferroelectric  with  a  sharp  phase  transition  at  490°C.  These  two  composition  form  a  solid  solution 
system  with  a  morphotropic  phase  boundary  (MPB)  around  0.91PZN-0.09PT.  It  has  to  be  mentioned  that 
the  giant  values  of  k33  and  d33  are  obtained  for  crystals  with  rhombohedral  composition  with  spontaneous 
polarization  along  [1 1 1]  is  poled  along  [001],  This  direction  is  the  spontaneous  polarization  direction  for 
tetragonal  crystals. 

EXPERIMENTAL  DETAILS 

All  the  single  crystals  PZN  and  (l-x)PZN-  xPT  used  for  the  measurements  were  grown  the  lab  by  the  flux 
method.  The  crystal  direction  [001]  and  [111]  were  determined  by  Laue  back  reflection  method.  The 
crystals  were  then  cut  and  polished  to  form  rectangular  plates  with  the  desired  orientation  perpendicular  to 
major  faces.  The  thickness  of  all  the  samples  varied  from  0.20  mm  -  0.23  mm  and  the  area  was  around 
4mm  x  1.3mm.  Sputtered  gold  was  used  as  electrodes.  A  function  synthesizer  (DF  -194  digital  function 
synthesizer)  in  conjunction  with  an  amplifier  was  used  to  apply  rectangular  pulses  of  one  second  duration 
to  the  sample.  A  resistor  of  150  ohms  was  used  in  series  with  the  sample  and  voltage  across  it  was 
measured  using  oscilloscope  for  determining  the  switching  current.  A  representative  switching  current 
obtained  when  a  positive  pulse  is  applied  to  the  sample  is  shown  in  Fig.  1.  The  normal  displacement 


current  transient  obtained  when  the  second  positive  pulse  is  applied  is  also  shown  in  the  same  figure.  This 
displacement  current  is  subtracted  to  obtain  the  actual  switching  current.  The  fields  applied  ranged  from  3- 
36  kV/cm.  The  switching  time  is  defined  here  as  the  time  taken  for  the  current  to  reduce  from  maximum 
to  1/10  of  the  maximum.  The  field  was  applied  along  [001]  and  [111]  crystaUographic  directions.  All 
these  ciystals  have  rhombohedral  compositions.  The  spontaneous  polarization  for  rhombohedral 
composition  is  along  [111]  and  that  for  tetragonal  is  along  [001]  respectively. 
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Fig..l  A  representative  switching  and  the  corresponding  displacement  current  The  two  are  subtracted  to 
get  die  actual  switching  current 

RESULTS 

Figure  2  shows  the  transient  current  associated  with  switching  for  PZN,  0.96PZN  -0.04PT  and  0.91PZN  - 
0.09PT  single  crystals.  We  will  name  them  crystals  A,  B  and  C  for  discussion  purposes.  It  has  to  be 
mentioned  that  the  time  scale  for  all  the  curves  are  not  same,  they  vary  from  2.5  millisecond  (for  low 
field)  to  100  microsecond  for  high  applied  electric  field.  Hence  no  unit  has  been  mentioned  in  the  figure. 
These  curves  are  overlapped  only  for  comparison.  However,,  each  curve  is  considered  separately  for 
calculation  of  the  switching  time.  Looking  at  this  data  for  spontaneous  polarization  direction  [111],  the 
crystals  B  and  C  showed  a  double  maximum  in  the  switching  current  curve.  For  crystals  B,  having  0.04 
PT  at  low  field  values  (5-9  kV/cm)  the  first  peak  was  much  higher  in  magnitude  than  the  second  peak. 
As  the  field  is  increased,  the  second  peak  increases  in  magnitude  and  finally  only  one  peak  is  observed. 
For  crystals  C  having  0.09PT,  similar  variation  of  second  peak  overtaking  the  magnitude  of  the  first  peak 
was  observed.  However,  two  distinct  peaks  were  present  even  at  high  fields.  Such  a  behavior  was  not 
observed  for  pure  PZN  crystal  with  field  along  [111]  direction.  For  field  applied  along  [001]  -the 
spontaneous  polarization  direction  for  tetragonal  crystals,  no  such  double  maximum  in  the  switching  curve 
was  observed  for  pure  PZN  (crystal  A)  and  crystal  B.  The  crystal  C  showed  a  double  maximum  at  low 
field  values.  The  curve  corresponding  to  26kV/cm  for  0.91PZN  -  0.09PT  with  field  along  [001]  shows  die 
field  induced  phase  transition  from  rhombohedral  to  tetragonal. 

This  leads  us  to  believe  that  the  presence  of  two  peaks  is  due  to  the  co-existence  of  both 
rhombohedral  and  tetragonal  phases  in  these  crystals.  It  is  difficult  to  associate  a  particular  peak  with 
either  rhombohedral  or  tetragonal  composition.  The  two  parameters  —the  component  of  electric  field  along 
a  crystallographic  direction  and  the  volume  fraction  of  the  second  phase  present  may  also  need  to  be 
considered  in  explaining  the  presence  of  the  double  peaks.  More  detailed  work  is  continuing  and  will  be 

reported  shortly.  .  .  T 

The  reciprocal  switching  time  as  a  function  of  applied  field  is  shown  in  Fig.  3.  For  pure  FZJN 
(crystal  A),  linear  dependence  was  observed  along  [001]  and  exponential  dependence  along  [111] 
direction  The  figure  shows  a  linear  variation  with  different  slopes  at  low  and  high  field  values  for  the 
crystals  B,  C  and  both  the  directions  [111]  and  [001].  It  appears  that  a  linear  law  can  describe  the 
switching  process 

!  =  £* 
t  d 


(1) 


where  t  is  the  switching  time,  d  the  thickness  of  the  crystal,  |i  is  the  mobility  of  the  moving  domain  wall,  E 
is  the  applied  field.  However,  there  is  a  change  in  the  slope  at  a  certain  applied  field  for  all  the  crystals.  At 
higher  fields,  the  curve  becomes  almost  horizontal  to  field  axis. 

DISCUSSION 

From  the  published  data23,6,7  for  BaTiOs  (BT),  the  switching  current  shows  an  exponential 
dependence  on  applied  field  at  small  field  values.  The  dependence  becomes  linear  as  the  applied  field  is 
increased.  On  the  basis  of  these  results,  it  was  suggested  that  the  polarization  reversal  for  BT  at  small- 
applied  fields  is  controlled  by  nucleation  rate  of  the  reversed  domains.  At  higher  field,  the  mobility  of  the 
reversed  domains  controls  the  reversal  mechanism. 

We  now  compare  this  with  the  present  data  for  relaxor  based  single  crystals  of  PZN,  0.96PZN  - 
0.04PT  and  0.91PZN  -  0.09PT.  The  field  was  applied  along  [001]  and  [111]  -  the  spontaneous  direction 
for  rhombohedral  and  tetragonal  compositions. 

For  PZN  along  [111]  the  dependence  of  switching  time  on  applied  field  was  exponential.  Along 
[001],  the  dependence  was  linear.  If  we  draw  a  parallel  picture  with  the  barium  titanate  data,  it  appears 
that  the  polarization  reversal  is  controlled  by  nucleation  along  [111]  and  the  mobility  of  the  reversed 
domains  along  [001], 

For  solid  solution  single  crystals  0.96PZN  -0.04PT  and  0.91PZN  -  0.09PT,  a  piecewise  linear  fit 
was  obtained  for  the  reciprocal  switch  times  versus  applied  field.  Unlike  the  barium  titanate,  no 
exponential  dependence  was  observed  at  small  field  values.  Assuming  the  model  of  domain  nucleation 
and  motion,  it  appears  that  the  polarization  reversal  in  these  crystals  is  controlled  by  the  forward  motion  of 
the  domains. 

A  double  maximum  observed  in  the  switched  current  is  attributed  to  the  co-existence  of  the  two 
phases  in  0.96PZN  -0.04PT  and  0.91PZN  -  0.09PT  crystals.  This  was  not  observed  in  PZN  crystal. 
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Crystallographically  engineered  BaTi03  single  crystals 
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Dielectric  and  piezoelectric  properties  of  BaTiC>3  single  crystals  polarized  along  the  (001) 
crystallographic  axes  were  investigated  as  a  function  of  temperature  and  dc  bias.  Electromechanical 
coupling  (£33)  ~  85%  and  piezoelectric  coefficients  ( d33)  ~  500  pC/N,  better  or  comparable  to  those 
of  lead-based  Pb(Zr,  Ti)03  (PZT),  were  found  from  (OOl)-oriented  orthorhombic  crystals  at  Q°C,  as 
a  result  of  crystallographic  engineering.  A  rhombohedral  BaTi03  crystal  polarized  along  (001)  also 
exhibited  enhanced  piezoelectric  performance,  i.e.,  k33~~79%  and  J33~ 400pC/N  at  -90 °C, 
superior  to  PZTs  at  the  same  temperature.  It  was  found  that  the  crystal  structure  determined  the 
(in)stability  of  the  engineered  domain  state  in  BaTi03  single  crystals.  Rhombohedral  (3m)  crystals 
at  —  100°C  exhibited  a  stable  domain  configuration,  whereas  depoling  occurred  in  crystals  in  the 
adjacent  orthorhombic  phase  upon  removal  of  the  E  field.  ©  1999  American  Institute  of  Physics. 
[S002 1 -8979(99)045 1 7-X] 


I.  INTRODUCTION 

Recent  innovations  in  regard  to  relaxor-based  single¬ 
crystal  piezoelectrics  such  as  Pb(Zn1/3Nb2/3)03,  Pb(MgI/3 
Nb^JO*  and  their  solid  solution  with  PbTi03  are  based  on 
crystallographic  engineering  associated  with  an  engineered 
domain  state  and  crystal  anisotropy,  which  is  not  achievable 
in  polycrystalline  ceramics.  Longitudinal  coupling  coeffi¬ 
cients  (fc33)  as  high  as  94%,  piezoelectric  coefficients  (^33) 
>2500pC/N  with  strain  levels  exceeding  1.7%  (Refs.  1-3) 
were  recognized  by  electrically  polarizing  relaxor-based 
rhombohedral  single  crystals  along  their  nonpolar  pseudocu- 
bic  (001)  direction.  In  contrast  rhombohedral  crystals  poled 
along  their  polar  direction  (111)  exhibited  significantly  infe¬ 
rior  properties,  i.e.,  k33<50%  and  ^33^  100pC/N.2’4 

In  addition  to  ultrahigh  piezoelectric  performance,  strain 
versus  E-field  behavior  with  minimal  hysteresis,  and  low  di¬ 
electric  loss  (<1%),  was  another  important  characteristic  of 
the  crystallographically  engineered  relaxor-based  single 
crystals.2  a  consequence  of  four  equally  populated  rhombo¬ 
hedral  types  of  domains.5  Although  in  a  multidomain  state, 
the  stable  domain  configuration  resulted  in  materials  with 
enhanced  reliability,  i.e.,  no  degradation  detected  after  more 
than  107  cycles  of  unipolar  driving  at  high  fields  (>50  k V/ 
cm,  1  kHz).6  From  a  crystallographic  point  of  view,  it  was 
suggested5,7  8  that  the  macroscopic  symmetry  of  rhombohe¬ 
dral  relaxor  ferroelectric  crystals  poled,  or  dc  biased  along 
(001),  should  be  4  mm,  describing  the  macrosymmetry  of  an 
entire  single  crystal  composed  of  a  stable  engineered  domain 
configuration. 

Based  on  the  concept  of  crystallographic  engineering 
used  in  relaxor  ferroelectric  single  crystals,  single  crystals  or 
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epitaxial  forms  of  any  known  ferroelectric  materials  should 
exhibit  significant  enhancement  in  electromechanical  perfor¬ 
mance  at  temperature  or  composition  close  to  an  appropriate 
phase  transition.  It  was  the  objective  of  this  work,  therefore, 
to  apply  the  concept  of  crystallographic  engineering  to  nor¬ 
mal  ferroelectric  crystals  such  as  BaTi03,  and  to  evaluate  the 
possibility  of  enhanced  piezoelectric  performance.  Low- 
temperature  phases  of  BaTi03  single  crystals,  such  as  ortho¬ 
rhombic  and  rhombohedral,  were  poled  along  (001)  to  in¬ 
duce  an  engineered  domain  state.  The  obtained  piezoelectric 
properties  were  compared  with  values  predicted  by  axis 
transformation  for  single-domain  BaTi03  crystals  using  the 
Devonshire  theory.9 

II.  EXPERIMENTAL  PROCEDURE 

Samples  for  measuring  dielectric  and  piezoelectric  prop¬ 
erties  were  prepared  using  commercially  available  BaTi03 
single  crystals  (optical  grade,  Fujikura  Ltd.)  grown  by  the 
top-seeded  solution  growth  (TSSG)  technique.  According  to 
company  brochures  and  the  related  report,10  concentration  of 
impurities  such  as  Cr,  Mn,  Co,  Ni,  Fe,  and  Cu  was  less  than 
3  ppm.  Individual  crystals  were  oriented  along  their 
pseudocubic  (001)  axis  using  a  Laue  back-reflection  camera. 

For  electrical  characterization,  samples  were  prepared  by 
polishing  with  silicon  carbide  and  alumina  polishing  pow¬ 
ders  to  achieve  flat  and  parallel  surfaces.  Gold  electrodes 
were  sputtered  on  both  sides  of  the  samples.  Prior  to  electri¬ 
cal  characterization,  all  samples  were  heat  treated  at  250  °C 
for  14  h  to  eliminate  residual  stresses  induced  during  sample 
preparation.  For  low-field  measurements  using  the  IEEE 
resonance  technique,11  samples  were  poled  either  by  field 
cooling  (10  kV/cm)  from  150  °C  or  by  applying  40  kV/cm  at 
room  temperature. 

Low-temperature  properties  under  dc  bias  were  mea¬ 
sured  using  an  HP4194  impedance  analyzer  in  conjunction 
with  a  computer-controlled  temperature  chamber  (Delta  De- 
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TABLE  I.  Phase  transitions  of  BaTi03  crystal  as  a  function  of  temperature. 


Temperature 

range 

>130  °C 

120  to  0°C 

0  to  -90  °C 

<-90  °C 

Primitive  cell 

Cubic 

Tetragonal 

Pseudomonoclinic 

Rhombo- 

symmetry 

(orthorhombic2) 

hedral 

Point  group 

m3m 

4mm 

mm2 

3m 

MacrosynunetryI) 

4mm 

4mm 

4mm 

“Unit-cell  symmetry. 
Hinder  dc  bias  along  (001). 


sign  Inc.,  model  MK  2300)  and  a  dc  bias  blocking  circuit 
with  a  maximum  capacity  of  1000  V.  For  longitudinal  piezo¬ 
electric  coefficient  (d33)  determination,  bar-shape  samples  of 
0.4X0.4Xl.6mm  in  length  were  prepared.  High-field  mea¬ 
surements  included  polarization  and  strain  hysteresis  using  a 
modified  Sawyer-Tower  circuit  and  a  linear  variable  differ¬ 
ential  transducer  (LVDT)  driven  by  a  lock-in  amplifier 
(Stanford  Research  Systems,  model  SR830).  Plate-shape 
samples  with  thickness  ranging  from  0.2  to  0.5  mm  were 
used.  Electric  fields  as  high  as  —140  kV/cm  were  applied 
using  an  amplified  unipolar  wave  form  at  0.1  Hz,  from  a 
Trek  609C-6  high-voltage  dc  amplifier.  During  testing  the 
samples  were  submerged  in  Fluorinert  (FC-40,  3M,  St.  Paul, 
MN),  an  insulating  liquid,  to  prevent  arcing. 

111.  RESULTS  AND  DISCUSSION 

Table  I  summarizes  the  phase  transitions  of  BaTi03.  As 

1 9 

considered  in  the  phenomenological  theory  by  Devonshire, 
the  unit-cell  symmetry  dictates  the  direction  of  the  polar 
shift,  i.e..  orthogonal  (4mm),  face  diagonal  (mm2),  and  body 
diagonal  (3m),  based  on  the  primitive  perovskite  cell.  When 
an  E  field  is  applied  along  an  orthogonal  direction  at  various 
temperatures,  a  single-domain  state  may  be  achieved  only  for 
tetragonal  crystals.  In  contrast,  in  orthorhombic  as  well  as  in 
rhombohedral  crystals,  four  polarization  directions  ((101), 
(011),  (-101),  (0-11)  and  (111),  (-111),  (1-11),  (-1-11), 
respectively)  are  energetically  equivalent  and  four  types  of 
domains  will  be  equally  populated  under  the  (001)  E  field. 
Using  analogy  with  rhombohedral  relaxor  ferroelectric  single 
crystals.5  7  we  propose  that  this  configuration  should  result  in 
a  macroscopic  symmetry  4mm,  as  shown  in  Table  I.  It  is 
interesting  to  note  that  the  crystal  macrosymmetry  retains 
4mm  regardless  of  lattice  symmetry  changes,  under  the  (001) 
E  field.  The  macroscopic  symmetry  of  crystals  at  zero  E  field 
that  were  exposed  to  the  (001)  E  field  was  determined  by  the 
stability  of  the  engineered  domain  configuration.  A  certain 
magnitude  of  the  (001)  E  field  will  ultimately  induce  the 
phase  transition  into  a  single-domain  tetragonal  phase.  De¬ 
tails  on  the  E-field-induced  phase  transition  can  be  found 
elsewhere.8'13  Details  on  domain  (in)stability  will  be  dis¬ 
cussed  in  the  following  sections. 

Figure  1  presents  longitudinal  electromechanical  cou¬ 
pling  coefficients  (k33)  as  a  function  of  temperature  for  the 
(OOl)-poled  BaTi03  crystal  under  dc  bias.  At  room  tempera¬ 
ture,  the  value  of  k33  increased  from  —0.53  (0  kV/cm)  to 
0.65  (6  kV/cm)  as  a  result  of  the  domain  reorientation  in  the 
crystal,  which  had  been  partially  depoled  due  to  domain  in- 


Temperature  (°C) 


FIG.  1.  jt33  as  a  function  of  temperature  for  the  (OOl)-poied  BaT103  crystal 
under  various  dc  bias,  (solid  arrows:  first  cycle,  dashed  arrows:  second 
cycle). 


stability.  Regardless  of  the  magnitude  of  the  dc  bias,  the 
initial  partially  depoled  state  reappeared  upon  removal  of  the 
E  field.  It  is  important  to  note  that  £33~0.53(0  kV/cm),  a 
value  from  the  partially  depoled  crystals  in  this  work,  corre¬ 
sponds  to  values  reported  earlier,  i.e.,  ~0.56  (Ref.  14)  and 
—0.55  (Ref.  15)  for  tetragonal  BaTi03  crystals,  suggesting 
that  they  were  not  those  of  single-domain  crystals. 

At  lower  temperatures.  k33  was  also  found  to  be  depen¬ 
dent  on  the  dc  bias  due  to  crystal  depoling  as  a  result  of 
phase  transitions  as  well  as  domain  instability.  Figure  2 
shows  k33  as  a  function  of  the  E  field  for  orthorhombic  crys¬ 
tals  (—5  °C).  £33~~0.7  initially  detected  at  0  kV/cm  increased 
with  increasing  bias,  to  a  value  of  k33  as  high  as  0.83  at  6 
kV/cm.  After  E-field  exposure,  the  unbiased  k33  value  was  as 
high  as  0.79,  being  a  starting  point  for  the  second  cycle 
(dashed  arrows  in  Fig.  1).  The  initial  lower  value  for  the  first 
cycle  (solid  arrows  in  Fig.  1)  must  be  a  consequence  of  par¬ 
tial  depoling  caused  by  the  tetragonal-orthorhombic  phase 
transition.  It  is  noted  that  when  the  E  field  was  constant  at  6 
kV/cm,  the  k33  value  increased  from  0.79  to  0.83,  indicating 
that  higher  &33’s  may  be  obtained  under  larger  dc  bias.  Simi¬ 
lar  behavior  was  observed  for  rhombohedral  crystals  at 
— 100  °C,  with  maximum  k33  as  high  as  0.78  at  6  kV/cm. 


FIG.  2.  *33  as  a  function  of  dc-bias  (first  cycle)  for  the  (OOl)-oriented 
BaTi03  crystal  at  -5  °C. 
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FIG.  3.  433  as  a  function  of  temperature  for  the  (OOl)-poled  BaTi03  crystal 
under  various  dc  bias,  measured  using  the  IEEE  standard  method. 


FIG.  5.  Strain  vs  E-field  behavior  (unipolar)  for  the  (OOl)-oriented  BaTi03 
crystal. 


Note  that  these  k33  values  of  BaTi03  crystals  are  larger  than 
room-temperature  k33  values  of  Pb-based  polycrystalline 
Pb(Zr,  Ti)03  (PZTs)  (0.5-0.75),  the  current  piezoelectric 
material  of  choice. 

Piezoelectric  coefficients  (d33)  versus  dc  bias  at  various 
temperatures  are  shown  in  Fig.  3.  For  the  (OOl)-poled 
BaTi03  crystals,  change  in  d33  as  a  function  of  the  (001)  £ 
field  was  not  as  significant  as  in  the  case  of  k33 ,  as  evident 
from  the  equation, 

^33  =  ^33  V(  ^33^33)’  (1) 

with  6^3  (free-dielectric  permit! vitv)  quickly  decreasing  with 
increased  E  field  while  k33  increased  and  s33  (elastic  compli¬ 
ance)  remained  almost  constant  as  demonstrated  in  Fig.  4.  It 
is  noted  that  the  <i33  value  of  ~490  pC/N,  which  was  mea¬ 
sured  at  —5  °C  is  comparable  to  the  room-temperature  d33 
values  of  the  PZTs.  Rhombohedral  BaTi03  crystals  at 
-100°C  exhibited  d33s  as  high  as  350  pC/N,  also  larger 
than  that  of  polycrystalline  PZTs  at  the  same  temperature.16 

In  regard  to  domain  instability  in  single  crystals,  d33  was 
also  determined  directly  from  strain  versus  E-field  curves. 
Figure  5  presents  strain  versus  unipolar  E-field  behavior  for 
the  (OOl)-poled  BaTi03  crystals  at  various  temperatures. 
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FIG.  4.  jf3  as  a  function  of  temperature  for  the  (OOI)-poIed  BaTi03  crystals 
under  various  dc  bias. 


Room-temperature  strain  values  (unipolar)  as  high  as  1% 
were  quite  surprising,  considering  that  a  total  1.07%  strain  is 
involved  with  the  full  spontaneous  ferroelectric  strain 
(c/a—  1)  of  BaTi03  crystals  at  room  temperature.  This  ultra- 
high  unipolar  strain  behavior,  although  unusable  for  practical 
actuation,  indicates  that  crystal  depoling  involved  almost  full 
90°  domain  switching  rather  than  180°  switching  upon  the 
removal  of  the  E  field.  Although  still  not  completely  clear,  it 
is  suspected  that  the  very  small  amount  of  compressive  force 
under  the  probe  of  the  LVDT  (see  the  experimental  proce¬ 
dure)  might  cause  this  depoling  behavior.  The  single-domain 
state  of  the  tetragonal  crystals,  reflected  by  nonhysteretic 
strain  versus  E-field  behavior,  could  be  achieved  at  £  fields 
>  10  kV/cm  at  room  temperature  as  shown  in  Fig.  5,  with 
J33~  128pC/N  values  determined  at  20  kV/cm. 

The  hysteresis  (£<  10  kV/cm)  found  in  the  orthorhom¬ 
bic  crystal  (0  and  —70  °C  in  Fig.  5)  was  also  ascribed  to 
domain  instability.  In  contrast,  the  engineered  domain  state 
of  rhombohedral  crystals  (-100°C)  was  found  to  be  stable, 
as  can  be  seen  in  Fig.  5,  retaining  macrosymmetry  4mm  over 
the  full  range  (unipolar)  of  the  E  field.  Note  that  relaxor- 
based  single  crystals  with  a  stable  engineered  domain  state 
were  also  rhombohedral.  Although  further  study  is  required 
to  clarify  the  relationship  between  the  crystal  structure  and 
the  engineered  domain  state,  it  is  suggested  that  lattice  sym¬ 
metry  determines  the  (in)stability  of  the  domain  configura¬ 
tion.  Rhombic  lattice  distortion  might  be  critical  to  stabilize 
the  engineered  domain  state  in  (OOl)-poled  ferroelectric  crys¬ 
tals.  However,  depoling  affected  by  the  weak  uniaxial  stress 
described  above  may  also  be  noted.  Only  in  the  (OOl)-poled 
rhombohedral  crystals  is  the  domain  configuration  unaf¬ 
fected  by  uniaxial  stress  along  (001). 

Nonhysteretic  regions  of  the  strain  versus  E-field  (E 
>  10  kV/cm)  curves  are  presented  in  Fig.  6.  Apparent  d33  s 
calculated  from  such  nonhysteretic  regions  of  the  strain  ver¬ 
sus  E-field  curves  are  plotted  in  Fig.  7.  The  d33  values  in  Fig. 
7  confirm  those  (Fig.  3)  obtained  from  the  IEEE  standard 
technique  under  bias  (6  kV/cm). 

According  to  Devonshire,9  d33  values  of  single-domain 
BaTi03  crystals  under  weak  field  or  stress  can  be  calculated 
using  the  following  equations: 


^33- ^€oQ  II  733^3  > 
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FIG.  6.  Nonhysteretic  portion  of  strain  vs  £-field  curves  (unipolar)  for  the 
<001)-oriented  BaTi03  crystal. 


where  P3=PS  (spontaneous  polarization), 

for  tetragonal  crystals,  (2) 

d33  =  2€0(QU7}33+QnV73)P3* 

where  P3  =  Ps/Vl,  for  orthorhombic  crystals. 


d33=2€0(QuVn  +  ^Qi2V\2)p3^ 

where  P3  =  PJV1,  for  rhombohedral  crystals, 

(4) 

where  €0  is  the  permittivity  of  free  space,  Qjj  the  electros- 
trictive  coefficients,  and  7]tj  the  dielectric  susceptibility.  For 
crystallographically  engineered  orthorhombic  and  rhombo¬ 
hedral  crystals  with  engineered  multidomain  states,  however, 
the  lattice  symmetry  is  expected  to  change  under  higher 
(001)  E  field.  For  instance,  orthorhombic  and  rhombohedral 
lattices  strained  by  the  (001)  E  field  lack  two-fold  and  three¬ 
fold  symmetry,  respectively.  Microscopically,  this  results  in 
pseudomonoclinic  symmetry  with  P\Z£P\,  and  P i~Pj 
#  P\  for  orthorhombic  and  rhombohedral  crystals,  respec¬ 
tively.  For  the  engineered  domain  state  under  the  (001)  E 
field,  therefore,  Eqs.  (3)  and  (4)  are  rewritten  as 


O 

a. 


Temperature  (°C) 


PIG.  7.  rf33  of  the  (OOl)-oriented  BaTi03  crystal,  calculated  from  the  slope 
of  strain  vs  £-field  curves  in  Fig.  6  (dashed  lines:  calculated  values  for 
single-domain  BaTi03  crystals). 


d  33  =  2  €0  (  Q 1 1 7733^  3  +  Q 1 2 V23P 1 )  * 

for  orthorhombic  crystals,  (5) 

d33=2€0(Qn7?nP3  +  2Q\27h2P  i)> 

for  rhombohedral  crystals.  (6) 

Although  crystallographically  engineered  BaTi03  crys¬ 
tals  consist  of  an  engineered  multidomain  state,  d33  based  on 
Eqs.  (5)  and  (6)  could  not  be  calculated  due  to  the  lack  of 
experimental  data.  The  authors'  efforts  to  obtain  experimen¬ 
tal  data  for  the  engineered  domain  state  are  ongoing.  In  this 
work  instead,  the  d33  values  calculated  for  single-domain 
BaTi03  crystals  under  weak  field  are  plotted  on  Fig.  7 
(dashed  line).  The  measured  d33  values  [see  specifically  the 
orthorhombic  (mm2)  range]  fit  well  to  the  theoretical  values 
for  single-domain  crystals  derived  in  this  way,  suggesting 
that  P3/P1  is  not  large  at  the  field  levels  used  in  this  work, 
and/or  may  be  compensated  by  changes  in  77,7 .  Although 
further  research  is  required,  it  may  be  suggested  that  intrinsic 
effects  are  the  major  contribution  to  large  piezoelectric  coef¬ 
ficients  and  subsequent  shape  changes  of  BaTi03  crystals,  on 
the  basis  of  the  curve  fit  in  Fig.  7. 

IV.  CONCLUSION 

BaTi03  single  crystals  are  promising  candidates  for 
high-performance  nonlead  piezoelectrics  at  low  tempera¬ 
tures.  Crystallographic  engineering,  by  polarizing  crystals 
under  dc  bias  toward  the  nonpolar  (001)  direction,  resulted  in 
orthorhombic  and  rhombohedral  crystals  with  macroscopic 
symmetry  4mm.  Piezoelectric  properties  with  an  electrome¬ 
chanical  coupling  coefficient  (£33)  ~  85%  and  piezoelectric 
coefficient  (J33)~500pC/N,  better  or  comparable  to  those 
of  PZTs  were  obtained  from  orthorhombic  crystals  at  0  °C. 
At  —  90  °C,  rhombohedral  Bali03  crystals  with  k33~19% 
and  J33~  400pC/N  were  found  to  be  superior  to  PZTs  at  the 
same  temperature.  The  stability  of  the  engineered  domain 
state  in  BaTi03  crystals  was  dependent  upon  the  crystal 
structure.  Although  possessing  the  same  macroscopic  sym¬ 
metry  4mm,  rhombohedral  (3m)  crystals  (— 100  °C)  exhib¬ 
ited  a  stable  domain  configuration  whereas  the  adjacent 
orthorhombic  state  (— ' 70  °C)  was  depoled.  A  possible  role  of 
weak  uniaxial  stress  in  the  depoling  must  be  further  exam¬ 
ined.  The  intrinsic  piezoelectric  response  could  explain  most 
of  the  measured  values. 

Orthorhombic  or  rhombohedral  BaTi03,  stabilized  by 
proper  dopants  such  as  zirconium,  are  expected  to  be  a  high- 
performance  nonlead  piezoelectric  in  single-crystal  or  epitax¬ 
ial  form  at  room  temperature. 
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Abstract 

The  dielectric  and  piezoelectric  constants  of  single  crystal  barium  titanate  have  been  theoretically  calculated  and 
experimentally  measured  for  different  cutting  orientation  directions.  The  dielectric  constant  rapidly  increases  as  the  cutting 
direction  deviates  away  from  the  unique  spontaneous  polarization  direction  [00 1  ].  The  effective  piezoelectric  strain  constant 
dy  exhibits  the  same  trend  in  the  range  from  0°  to  50°  away  from  the  polarization  direction  and  has  the  maximum  value 
more  than  3.5  times  larger  than  its  value  along  the  polarization  direction.  The  electromechanical  coupling  factor  ky  is  also 
enhanced  by  choosing  a  cutting  direction  canted  away  from  the  polarization  direction.  £  1999  Elsevier  Science  B.V.  All 
rights  reserved. 


PACS:  77.22  -  d:  77.84  -  S:  77.84  Dv 

Keywords:  Barium  titanate:  BaTiO-.:  Single  crystal:  Orientation  dependence:  Piezoelectric:  Dielectric  properties 


1.  Introduction 

In  our  previous  papers,  the  orientation  depen¬ 
dence  of  piezoelectric  and  dielectric  properties  for 
lead  zirconate  titanate  (PZT)  has  been  theoretically 
studied  [1,2].  It  was  found  that  for  tetragonal  PZT, 
the  effective  piezoelectric  constant  dy  and  elec¬ 
tromechanical  coupling  factor  k}3  have  the  maxi¬ 
mum  values  along  the  spontaneous  polarization; 
however,  for  rhombohedral  PZT.  the  maximum  val¬ 
ues  of  dy  and  k}*  are  not  along  the  polarization,  but 
in  a  direction  canted  from  50°  to  60°  away  from  the 
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polarization  direction.  For  both  rhombohedral  and 
tetragonal  PZT,  the  dielectric  constant  monotonously 
increases  as  the  cut-angle  from  the  spontaneous 
polarization  direction  increases  [1,2]. 

In  this  paper,  we  investigated  theoretically  and 
experimentally  the  crystal  orientation  dependence  of 
the  piezoelectric  properties  of  single  crystal  barium 
titanate  (BT).  Due  to  its  large  dielectric  constants, 
barium  titanate  ceramics  and  crystals  are  best  op¬ 
tional  materials  for  capacitors  and  barium  titanate 
thin  films  are  highly  potential  for  applications  in 
dynamic  random  access  memory  devices  [3].  How¬ 
ever.  the  utilization  of  its  piezoelectric  properties  has 
been  limited  because  of  its  relatively  small  piezo¬ 
electric  constant  along  its  spontaneous  polarization 
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direction  [001].  Nevertheless,  our  recent  study  shows 
that  single  crystal  barium  titanate  has  an  effective 
piezoelectric  constant  as  large  as  250  (pC/N). 
which  is  comparable  to  that  of  PZT,  if  the  electrical 
driving  direction  is  canted  about  50°  away  from  the 
spontaneous  polarization  direction  [001].  These  re¬ 
sults  indicate  that  BT  may  be  a  good  substitution  for 
PZT  in  some  application  fields  where  lead-contain¬ 
ing  materials  are  undesirable. 


2.  Theoretical  calculation 


In  our  theoretical  calculations,  the  elastic,  dielec¬ 
tric,  and  piezoelectric  constant  values  we  used  have 
previously  been  published  [4].  For  an  arbitrary  cut¬ 
ting  orientation,  the  corresponding  values  of  these 
constants  can  be  obtained  by  performing  tensor  cal¬ 
culations  [5,6].  The  details  of  the  calculations  have 
been  described  in  Ref.  [l].  The  calculated  results  are 
shown  in  Figs.  1(a)  and  2(a).  In  these  figures,  the 
absolute  values  of  d33  and  k33  along  an  arbitrary' 
direction  are  represented  by  the  distance  from  the 
origin  to  the  surface  of  the  graph  along  that  direc¬ 
tion.  The  cross  sections  are  also  shown  in  Figs.  1(b) 
and  2(b).  From  these  figures,  we  can  see  that  the 
maximum  values  of  d33  and  /r33  can  be  obtained  in 
the  directions  canted  52°  and  47°,  respectively,  away 
from  the  polarization  direction.  The  <*33  and  /re¬ 
values  are  enhanced  along  the  cubic  perovskite  [111] 
direction.  The  d33  of  250  (pC/N)  for  this  canted 
angle  is  about  3.5  times  larger  than  the  d33  along  the 
polarization  direction.  It  is  interesting  that  the  orien¬ 
tation  dependence  of  d33  and  k33  in  BT  is  very7 
different  from  the  situation  for  tetragonal  PZT  that 
always  exhibits  maximum  values  of  <*33  and  k33 
along  the  spontaneous  polarization  direction  [003]. 
The  main  reason  for  this  is  the  very  large  dl5  of  BT. 

3.  Experiment 

For  convenience,  d33(d)  is  used  to  denote  the 
value  of  the  effective  <**  along  a  direction  canted  an 
angle  0  away  from  the  spontaneous  polarization 
direction  [001  ].  For  example.  means  the  value 
of  along  [001],  and  c’-,-(45)  means  the  value  of 
effective  da  along  the  direction  canted  45°  away 


[001] 


Fig.  1.  (a)  Effective  piezoelectric  constants  of  a  single  crystal 
barium  titanate.  (b)  The  cross-section  curve  when  the  figure  in  (a) 
is  cut  by  the  (010)  plane. 

from  [001].  This  notation  is  also  used  for  the  other 
property  coefficients,  such  as  dielectric  constants  and 
electromechanical  coupling  factors. 

Barium  titanate  single  crystals  were  first  poled 
along  the  perovskite  [001]  direction.  The  following 
two  methods  were  used  to  observe  the  orientation 
dependence  of  <*33 '  (i)  the  conventional  resonance 
method  for  a  length-extensional  bar  [7],  and  (ii) 
*/33-meter  to  quickly  check  the  orientation  depen* 
dence  of  d33.  Method  2  is  an  easy  way  to  observe 
the  distribution  of  d33(d)  with  respect  to  angle  6: 
i.e.,  the  normalized  value  d33(d)/d33( 0)  with  respect 
to  6. 

3.7.  Method  1 

A  poled  single  crystal  of  BT  was  cut  into  four 
small  bars  along  the  directions  canted  0°,  45°,  50°. 
and  60°  from  the  [003]  direction,  respectively.  After 
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Ill 


fa) 


[001] 

j  Max  k33  =  0.65 


(b) 


[100] 


Fig.  2.  (a)  Effective  electromechanical  coupling  factor  Jt33  of  a 
single  crystal  barium  dtanate.  (b)  The  cross-section  curve  when 
the  Figure  in  (a)  is  cut  by  the  (010)  plane. 


the  samples  were  polished  and  electrodes  formed  by 
sputtering,  resonance  and  anti-resonance  frequencies 
were  determined  with  an  impedance  analyzer 
(HP4194A).  From  these  measurements,  d33(0), 
&33(0),  and  j33(0)  were  determined,  using  the  ap¬ 
proach  described  in  the  IEEE  standards  [7].  A  plate 
normal  to  each  direction  was  also  cut  for  determin¬ 
ing  the  dielectric  constant  in  the  respective  orienta¬ 
tion.  The  results  are  shown  in  Table  1.  The  values  of 
£:o,  £33,  and  dyj(9)/d}:X0)  are  also  plotted  in  Figs. 
3-5  for  comparison.  The  value  of  d33(0)  in  Table  1 
is  lower  than  the  published  data  (Schaefer  et  al.)  [4]. 
This  was  due  to  the  depoling  of  the  sample  during 
the  orientation  and  cutting  process.  It  was  not  conve¬ 
nient  to  pole  the  samples  after  they  were  cut  along 
directions  which  were  canted  away  from  [001].  After 
finishing  the  above  measurements,  the  sample  at  0° 
was  poled  again.  The  </-3( 0)  and  £33(0)  recovered 


Tabic  I 


Constants  &33.  *3?,  and  in  different  directions 


Constants 

0° 

45° 

o 

o 

60° 

J, j  (pC/N) 

24.69J 

85.72 

129.44 

95.4 

k}:% 

0.2 

0.264 

0.33 

0.246 

103 

1795 

2373 

2263 

s:%}  (X  10"  VGpa) 

17.56 

6.63 

5.94 

7.47 

J  Values  on  fully  poled  sample  of  BT  as  reported  in  Ref.  [4]  are: 
£/.,  -  68.5(pC/N),  -  130,  and  j33  -  14.95  (X  10“VGpa). 


their  original  values  75.58  pC/N  and  0.6,  respec¬ 
tively.  In  spite  of  the  depoling  of  sample.  dy(50)  is 
still  much  larger  than  the  d33(0)  that  was  measured 
by  Schaefer  et  al. 

3.2.  Method  2 

Fig.  6  illustrates  the  simple  approach  for  those 
measurements.  A  poled  crystal  of  BT  was  polished 
in  a  cylindrical  shape  with  its  axis  perpendicular  to 
[001].  A  dial,  marked  in  angular  degrees,  was  at¬ 
tached  to  one  end  of  this  cylinder.  The  test  probes  of 
a  d3} -meter  were  placed  at  an  appropriate  place  on 
the  cylinder  to  measure  the  d}}  values.  The  cylinder 


e 

Fig.  3.  Dielectric  constants  of  a  single  crystal  barium  titanate  for 
different  cutting  angles.  The  solid  line  is  obtained  by  calculations 
using  the  data  from  Schaefer  et  al.  [4]. 
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Fig.  4.  Effective  electromechanical  coupling  factor  X**-»  of  a  single 
crystal  barium  titanate  for  different  anting  angles. 


was  rotated  when  d3:%(8)  was  measured  for  each  6 
angle  (which  could  be  read  from  the  dial).  The 


0  20  40  60  80 
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Fig.  5.  Normalized  piezoelectric  constant  drX6)/  d3}(0)  of  a 
single  crystal  barium  titanate  for  different  cutting  angles.  The 
solid  line  is  obtained  by  calculations  using  the  data  from  Schaefer 
et  al.  [4]. 


probes  of  the  033  meter 


Fig.  6.  Illustration  of  Method  2.  showing  the  position  of  the 
probes. 


normalized  values  of  d:>:S8)/d?:X 0)  are  plotted  as 
shown  in  Fig.  5. 


4.  Discussions  and  conclusions 

Fig.  3  shows  that  the  dielectric  constant  has  its 
minimum  value  along  the  polarization  direction  and 
rapidly  increases  as  the  cutting  angle  from  the  spon¬ 
taneous  polarization  direction  increases.  For  effective 
d33.  theoretical  and  experimental  results  show  that 
more  than  a  3.5  times  enhancement  can  be  obtained 
by  choosing  a  cutting  direction  canted  about  50° 
from  the  spontaneous  polarization  direction  [001],  as 
shown  in  Fig.  5.  In  this  direction,  k33  is  also  substan¬ 
tially  improved  (Fig.  4). 

These  results  imply  that  the  piezoelectric  proper¬ 
ties  can  be  greatly  enhanced  by  adopting  the  [111] 
orientation  for  barium  titanate  single  crystals  or  thin 
films.  The  [11  l]-oriemed  BT  has  a  large  d33  which 
is  comparable  with  that  of  PZT.  This  provides  an¬ 
other  option  for  actuator  and  transducer  applications, 
especially  for  applications  where  non-lead  containing 
materials  are  desirable. 
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The  linear  electro-opiic  <&0»  coefficients  of  poled  0.88Pb(Zn1/3Nb:/3)OJ-0.  12PbTiO,  single  ays*  «s  characterized 
asina  an  automated  scanning  Macn-Zehnder  interferometer  and  the  senarmont  compensator  method  at  room  teaperanire.  They 
wenT  obtained  at  a  waveleneth  of  632.8  nm:  r„  =  134pm/V.  r,.,  =  7pm/V,  r5I  =  462pm/V.  andr£  =  talri^  msp«mveiy 
and  the  refractive  indices:  \  =  157  and  n.  =  2.46.  The  large  rs,  coemcieni  compared  with  rs  is  cased  by  the  high 
dielectric  constant  at  perpendicular  to  the  polar-axis  compared  with  the  dielectric  constant  along  the  c-aos.  Comparison .with 
the  quadratic  E-0  coefficients  measured  at  near  and  above  the  Curie  temperature  suggests  that  the  values  or  the  quadratic 
E-0  coefficients  measured  eadier  atav  be  smaller  than  the  intrinsic  ones  aue  to  the  influence  of  micro-poiar  regions.  The 
development  of  an  automated  scanning  Mach-Zehnder  interferometer,  which  is  less  suscepnble  to  the  cron  caused  by  the  laser 
intensity  fluctuation  and  drafting  in  the  optical  path  length  in  the  system,  is  aiso  described. 

KEYWOROS:  farroeleciric.  eiectnxiptic,  refractive  index,  interferometer 


1_  Introduction 


Ferroelectric  crystals,  such  as  LiNbOj  and  KH;POa 
(KDP)  are  widely  used  in  deciro-opnc  (E-O)  devices  such 
as  eleca-o-opdc  modulators.  electro-optic  switches,  and  light 
valves.1-11  More  recently,  there  is  an  increased  interest  in 
the  relaxor  ferroelectric  crystai  PbiZn^Nb^jCK-PbTIO;. 
(P2X-PT).  which  over  a  broad  composition  range  possesses 
a  ver-'  hinh  eiectromechanicai  coupling  factor,  piezoeiectric 
coefficients,  and  field  induced  strain  response.5-'’  A  unique¬ 
ness  of  this  crystal  system  is  mar  reiativeiy  high  quality  sin- 
oi  j  crystals  can  be  grown  at  compositions  near  the  tetragonai- 
rnombohedral  morphotropic  phase  boundary  (MPB ).  Ir  is  well 
known  that  many  of  the  material  responses  exhibit  increased 
activity  near  a  MPB.19)  In  this  paper,  we  report  the  result  of 
the  linear  E-0  coefficients  in  O.S8PZN-0.12PT  single  crystal, 
which  is  near  the  MPB  on  the  tetragonal  side/-51 

The  E-0  effect  describes  the  change  of  refractive  index 
Any  due  to  the  applied  field: 


Any  —  ~~nij 


’ 

£  nuEi  -f  2^  RijuEkEi 
l,-i 


(1) 


where  t'ijk  arid  Rj ju  are  linear  and  quadratic  E-0  coefficients, 
respectively.  The  quadradc  coefficients  for  PZN-PT  crys¬ 
tals*  at  temperatures  near  and  above  the  dielectric  constant 
marimim  have  been  characterized  earlier,  and  in  this  pa¬ 
cer  all  three  non-zero  linear  E-0  coefficients  (rj3  =  r333- 
r.  3  =  nu.  and  r31  =  r3n)  were  measured  for  0.88PZN- 
0.1 2PT  in  the  ferrodectric  tetragonal  phase  (room  tempera¬ 
ture).101  The  comparison  of  the  two  results,  indicates  that  the 
coefficients  measured  at  the  high  temperature  phase  may  be 
affected  by  the  relaxor  ferrodectric  nature  of  the  PZN-PT 
system,  and  will  be  discussed  in  the  paper.  In  addition,  we 
will  also  report  briefly  a  modified  interferometric  method  for 
the  characterization  of  these  coefficients,  which  is  based  on 
tiie  dynamic  scanning  concept 


*To  whom  correspondence  should  be  addressed.  E-mail:  qxzl  Qpsu.cdu 


2.  Experimental 

2.1  0. 88PZN-0. 12PT  single  crrsnil  and  relaxed  E-0  coeffi¬ 

cients 

The  0.88PZN-0. 12PT  crystai  used  in  this  study  was  grown 
osins:  the  high  temperature  dux  method.2*6*111  It  is  known  that 
0.38PZN-0.12PT  has  a  tetragonal  structure  at  room  temper- 
arure  and  that  the  spontaneous  polarization  is  along  {001} 
(c-axis)  direction.3-51  The  single  rystai  sample  was  oriented 
alcns  the  (001)  direction  using  a  Laue  camera,  then  the  (100) 
faces  were  polished  to  optical  quality.  The  sample  was  poled 
at  a  temperature  of  230* C  which  is  much  higher  than  the 
paraeiectric  to  ferroelectric  phase  transition  temperature,  with 
an  eiecnic  field  of  5  kV/cm  for  30 min.  Then,  the  sample  was 
slowly  cooled  down  to  room  temperature  under  the  electric 
held.  It  was  found  that  poling  at  room  temperature  resulted  in 
fractures  in  the  sample  since  the  domain  switch  induces  very 
larse  strain,  expansion  along  the  poling  direction.  The  dimen¬ 
sion  of  the  sample  is  1.35  x  3. Sc  x  4.83  mm3  and  the  poling 
field  was  applied  across  die  3.S5  mm  thickness. 

For  the  tetragonal  symmetry,  there  are  three  non-zero  E-0 
coefficients.  i.e..  ^3.  ri3.  and  r« In  this  study,  r?3  and 
were  measured  using  a  interferometric  method,  where  the  ap¬ 
plied  field  £3  is  along  the  c-axis  and  the  light  passes  through 
the  sample  along  the  (100)  axis  t  c-axis), 

A  7ze  =  —ezr^Es/l  Ga) 

Aji0  38  —s-'is  £3/2  Ob) 

where  n0  and  ne  denote  the  reractive  index  perpendicular  and 
parallel  to  the  c-axis,  respectively.  In  the  r33  measurement,  the 
polarization  direction  of  the  laser  beam  is  along  the  c-axis  and 
%  in  measuring  r^,  the  polarization  direction  is  perpendicular  to 
the  c-axis. 

For  the  PZN-PT  crystal  studied,  the  £3  field  will  aiso  in¬ 
duce  a  change  in  the  sample  thickness  along  the  path  of  the 
laser  beam  due  to  the  piezodecuic  effect,121 


A/i  =  451  £3/1 

where  l\  is  the  thickness  of  the  crystal  along  the  beam  path 
and  ^31  is  the  piezoelectric  coefficient-  Hence,  the  total  mea¬ 
sured  optical  path  length  change  in  the  interferometric  method 
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is  A iti  - 1\  -h  (iff  —  1)  *  Aii- 

The  E-O  coefficient  r5i (A(l/ n$x)  =  A(l/nf)  =  r^iEO 
was  measured  by  the  Seoannonr  compensator  method,  where 
the  applied  field  Ei  is  along  the  (010)  axis  perpendicular  to 
both  the  c-axis  and  the  light  propagation  direction. L3)  The  po¬ 
larization  direction  of  the  laser  beam  is  canted  45°  with  re¬ 
spect  to  the  c-axis.  In  the  r*>\  measurement,  there  is  no  cor¬ 
rection  to  the  piezoelectric  effect. 

Using  the  Senannont  compensator  method,  the  E-O  coef¬ 
ficient  7c,  which  is  defined  as  rc  s  r&  —  rz^r^/ rt^  and  de¬ 
termines  the  half-wave  voltage  of  the  material,  was  also  mea¬ 
sured*^ 


22  Operation  principle  of  scanning  Mach-Zehnder  inter - 
fcromexerfor  E-O  coefficient  measurement 
Shown  in  Fig.  1  is  a  typical  Mach-Zehnder  interferome- 
tec**  The  interference  partem  at  the  detection  point  depends 
on  the  opric  path  length  difference  (<S>  =  2*  (tir/r  —  nsls)  A* 
where  rz  I  are  the  refractive  indices  and  the  path  lengths 
respectively,  R  and  S  in  subscript  expresses  the  reference  and 
signal  arm ^  respectively)  between  the  signal  and  reference 
beams, 

I  =  I\  *T“  A  4*  2y/ A  A  CO$(4>) 


4*  Ann)  4"  ”(4aax 


-fmm)COS(d>) 


(3) 


where  Lm  =  (V7T 4-  V^z)1  and  Am  —  (VA  —  Vh)~  are  the 
rnayfrmrm  and  minimum  intensities  of  interference  fringes, 
respectively,  and  A  and  A  are  the  light  intensities  of  signal 
beam  and  reference  beam,  respectively.  From  eq.  (3),  one 
can  find  that  when  <f>  has  a  small  change  (A<t>)  around  d>0  =■ 

(m  -r  l/7)stT  m  a  0,  ±1 . cos(4>0  4-  A0)  »  fi=A4>,  and 

the  fir  signs  depend  on  the  value  of  m,  and 


A /  =  /  —  —(/max  4*  Ain)  —  “  Ain)  AO.  (4) 

Hence,  by  stabilizing  the  system  at  4>o  (working  point),  the 
change  of  interference  intensity  will  depend  linearly  on  the 
change  of  the  optic  path  length.  When  this  change  is  mea¬ 
sured  by  a  photo-detector;  eq.  (4)  can  be  converted  into  the 
voltage  farm  as: 


_ _ tjooc _ t/pm 

W2' 


(5) 


Incident  laser  beam 


Where  Voot  corresponds  to  A  I,  V-sux  and  Ain  correspond  to 
and  Am  respectively  and  A$  =  2:rA(n/)/X.  For  E-O 
or  piezoelectric  coefficient  measurement  under  an  ac  electric 
of  frequency  (/o),  a  lock-in  amplifier  can  be  used  to  mea¬ 
sure  Uont  Which  yields  a  high  sensifivity  of  the  system  in  re¬ 
solving  die  change  in  A4>. 

However,  in  developing  a  computer  controlled  experimen¬ 
tal  sec-up  to  measure  the  change  in  the  optic  path  length  (and 
hence  A<t>),  we  found  that  the  approach  of  stabilizing  the  sys¬ 
tem  near  the  working  point  (by  using  a  feedback  loop  to  con¬ 
trol  the  path,  length  of  the  reference  arm)  is  not  convenient. 
The  change  in  the  in<fidgnr  light  intensity  and  other  factors 
suck  as  air  turbulence  in  the  system  and  the  variation  of  the 
light  absorption  in  the  sample  due  to  thermal  and  electric  field 
r~m  ghifr  fn  fhg  wrrrinng  pmnr  light  intensity.16^  As  are- 

sulr,  the  stabilized  experimental  point  will  be  no  longer  at  4>o. 
Furthermore,  those  changes  will  also  result  in  changes  in  /max 
and  Jnm,  causing  errors  in  the  experimental  results  on  A(n /)- 

If  TTreyifad  of  stabilizing  the  system  at  any  specific  point,  an 
ootic  translation  stage  is  used  to  drive  a  slow  change  in  the 
path  length  /r  of  the  reference  aim.  <t>  will  be  changed  con¬ 
tinuously.  As  a  result  the  interference  intensity  will  change 
with  time,  from  which  Aax  and  4*  can  be  measured  readily. 
If  an  AC  electric  field  with  a  frequency  /o  is  applied  to  a  sam¬ 
ple  which  causes  a  small  change  (much  smaller  than  the  wave 
length)  in  the  optic  path  length  in  the  signal  arm.  the  change 
in  the  phase  4>  will  be  -r  AO.  The  resulting  signal  will 
be: 

I  5SE  ~  (ZrrtaT  T“  Imin)  4 *  ~(Im*r  Imin)  COS(4>rex  Ad>)  (6) 

where  describes  the  drifting  in  the  phase  -reused  by  the 
optic  paxh  length  change  of  the  reference  arm  and  also  in  the 
signal  arm  due  to  slow  drifting,  and  A$  is  the  phase  change 
caused  by  the  sample  due  to  the  applied  AC  electric  field. 
Since  is  very  small,  one  can  get 

I  (Imax  4“  Imin)  ~  ~(Auc  “  Ain)  COS  4>ref^ 

-  Q(/max  “  /min)  SUKtrfj  A<t>.  (7) 

Therefore,  when  =  (m  +  l/2)r,  eq.  (7)  is  reduced  to 
eq.  (4).  When  =  /n;r,  the  second  term  on  the  right  hand 
side  of  the  equation  is  zero  and  the  first  term  yields  Aax  and 
/ana.  Thus,  Vp^/2  can  be  obtained.  Hence,  in  one  scanning 
period  of  the  reference  beam,  all  the  quantities  in  eq.  (5)  can 
be  determined  and  yield  AO.  Clearly,  even  if  iw,  Aax  and 
may  vary  due  to  various  noise  sources,  the  correspond¬ 
ing  variation  in  AO  which  is  the  ratio  between  them  [eq.  (5)] 
wifi  be  much  smaller,  This  has  been  verified  experimentally. 
In  addition,  the  data  accuracy  can  be  improved  further  by  av¬ 
eraging1  A<0  thus  obtained  overlong  time  period. 

Based  on  these  considerations,  a  Mach-Zehnder  interfer¬ 
ometer  with  the  reference  arm  scanned  was  developed  to  mea¬ 
sure  E-O  or  piezoelectric  coefficients  (as  schematically  shown; 
in  Fig  2).  In  this  scanning  Mach-Zehnder  interferometer;, 
the  reference  mirror  is  driven  by  a  servo-transducer  made  of 
piezoelectric  material.  In  experiments  for  E-O  or  piezoelec¬ 
tric  measurement,  fo  typically  runs  from  100  Hz  to  100  kHz, 
and  the  corresponding  scan  frequency  may  be  varied  fromi 
0.003  Hz  to  3  Hz  to  satisfy  the  condition  that  the  scanning  fre-r 
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&Z.  —  Schematic  drawing  of  the  setup  of  the  automated  scanning 
Xaca-Zermder  interferometer  developed  for  E-0  measurement. 


quentr/  is  much  lower  than  the  signal  frequency.  Both  the  AC 
and  DC  components  ofthe  photo-detector  output  are  transmit¬ 
ted  to  a  digital  lock-in  amplifier  (SRS  SR830).  A  computer 
is  used  to  control  the  system  and  acquire  the  data  from  the 
SRS30  through  a  GPB  cable.  The  system  can  be  controlled 
easily  by  the  computer  over  a  long  time  period  The  computer 
software  was  programmed  using  Lab  View  4. 1. 

3.  Experiment  Results  and  Discussion 
3.1  Experimental  results 

For  the  0.88PZN-0.12PT  single  crystal  used  in  this  experi¬ 
ment.  no  dzxz  of  the  refractive  index  at  room  temperature  were 
available.  Hence,  the  first  step  is  to  measure  these  indices.  Al- 
thouzh  the  refractive  index  can  be  measured  by  the  minimum 
deviation  method,  the  sample  needs  to  be  made  into  a  wedge 
shape.14- 1T)  In  order  to  measure  the  E-0  coefficients,  the  sam¬ 
ple  has  to  be  reshaped  to  a  rectangular  parallelepiped.  Be¬ 
cause  of  the  relatively  small  size  sample,  instead.  Brewster  s 
angle  method  was  used  in  which  only  one  reflection  surface  is 
required.1*- 15)  Hence  the  sample  used  in  the  refractive  index 
measurement  can  also  be  used  directly  in  E-0  measurement. 

Brewster's  angle  (0b)  is  the  incident  angle  at  which  the  re¬ 
flection  intensity  is  zero  for  polarized  light  with  the  polariza¬ 
tion  direction  parallel  to  the  incident  plane.  The  relationship 
between  the  refractive  index  and  ffe  is:  n  =  tan  #3.  By  chang¬ 
ing  the  orientation  of  the  cystai  with  respect  to  the  linearly 
polarized  incident  laser  beam,  both  nQ  and  ne  can  be  deter¬ 
mined.  The  obtained  8*  for  the  PZN-PT  crystal  are  68.75° 
and  67.84°,  yielding  n0  —  IS!  =  0.01  and  it«  =  2.46  —  0-01 
at  632.8  nm  wavelength  for  the  sample  at  room  temperature. 

To  fadlivae  the  discussion,  apparent  E-0  coefficients  r*3 
and  r3*3  are  introduced  here  to  denote  the  coefficients  obtained 
direcdy  from  d<t>  without  the  correction  of  the  piezoelectric 
effect. 


> 


Hg.  3-  .Apparent  E-0  cocffidaus  (r~  and  r  *3)  measured  at  different  fre¬ 
quencies  for  Q.S8PZN-0. 12PT  since  costal  a i  room  temperature. 

A.(/i  J)  =  ~  A#  = 
or 

Mn0P)  =  =  -rl-n{lE-Jl 

The  apparent  E-0  coefficients  r*3  and  -33  are  measured  sep¬ 
arately  for  the  sample  under  1  stress  free  condition.  For  a 
oiezoeiecnic  rmrarial.  it  is  weil  known  that  there  are  seri¬ 
ous  resonance  frequencies  at  which  the  electric  field  induced 
strain  can  no  longer  be  described  by  the  linear  piezoelec¬ 
tric  equation.121  This  certainly  imposes  frequency  windows 
in  which  the  E-0  coefficient  can  be  measured  reliably.  In  ad¬ 
dition.  any  mechanicai  resonance  in  the  sample  holding  sys¬ 
tem  can  also  cause  error  in  the  measurement  In  this  study, 
the  frequency  window  used  is  from  200  Hz  to  40  kHz,  well 
below  the  first  (lowest)  resonance  frequency  (fr)  which  is  at 
several  hundreds  kHz.  To  ensure  the  weak  field  condition  in 
the  measurement,  the  applied  field  is  about  15  V/cm  which  is 
also  well  below  the  room  temperature  coercive  field  of  about 
5kV/cm. 

The  results  for  r*3  and  r~  are  shown  in  Fig.  3.  In  the  fre¬ 
quency  range  measured  there  is  no  large  change  of  the  E-0 
coefficients  with  frequency  and  the  average  values  of  r£ 5  and 
r- j  are  44±1  pm /V  and  173=4pm/V,  respectively.  A  mechan¬ 
ical  resonance  due  to  the  sample  holding  system  was  observed 
at  frequencies  above  40  kHz.  which  affects  the  data  acquired 
near  40  kHz. 

To  subtract  the  piezoelectric  effect,  the  piezoelectric  d^i 
coefficient  was  measured  using  a  single  beam  laser  inter¬ 
ferometer  di  x  =  —210  =  10  pm/V.  From  r33  =  + 

-2(n,  —  Ddji/nl  and  ri3  —  r*.  +-  2(n0  —  l)^//^,  jhe  E- 
O  coefficients  r33  and  r[3  are  obtained:  r33  =  134  ±5  pm/V 
and  rt3  =7  =  2  pm/V  at  632.3  nm  wavelength  for  0.88PZN- 
0. 12PT  at  room  temperature. 

One  of  the  concerns  in  the  single  crystal  PZN-PT  is  the  im¬ 
perfect  poling  which  results  in  residual  domains  in  the  sam¬ 
ple.  This  will  affect  the  measured  E-0  coefficients.  In  order 
to  check  this,  the  E-0  coefficients  under  high  DC  bias  field 
were  measured.  In  the  experiment,  an  oil  chamber  was  built 
so  the  sample  can  be  immersed  in  an  insulation  oil  which 
prevents  electric  breakdown  through  air  when  the  sample  is 
subject  to  a  high  DC  voltage.  Shown  in  Fig.  4  are  the  appar¬ 
ent  E-0  coefficients  r’3  and  r.*3  measured  at  I  kHz  as  a  fiinc- 
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Fig  4.  The  E-0  coefficients  as  a  function  of  the  DC  electric  bias  field  for 
0.S8PZN-0.12FT  single  crystal  at  room  temperature. 


tion  of  a  DC  bias  field  which  is  applied  parallel  to  the  original 
poling  direction  up  to  15  kV/cm,  much  higher  than  the  room 
temperature  coercive  field.  Apparently,  the  measured  coeffi¬ 
cients  do  not  show  much  change  with  a  DC  bias  field  (except 
a  email  decrease  which  is  expected)  and  as  the  bias  field  is 
reduced  to  zero,  the  E-0  coefficients  return  to  their  original 
values.  The  results  indicate  that  the  sample  used  in  this  study 
was  properly  poled. 

The  rji  coefficient  measured  by  the  senarmont  compen¬ 
sator  method  is  r51  =  462pm/V  which  is  much  larger  than 
r33  and  in  the  frequency  range  measured,  (below  40  kHz),  r51 

does  not  show  much  change  with  frequency. 

Using  the  senarmont  compensator  method,  the  E-O  coef¬ 
ficient  rs  was  also  characterized.  The  coefficient  measured 
direct  from  the  experiment  data  is  the  apparent  coefficient  r* 
which  is 


«  0  r*  —  r  -U 

—  ^33  i  M3  —  rc  • 


2 (/I*  -  rt0 ) 


13 


*  I. 


(8) 


Because  the  difference  between  ne  and  tiQ  is  very  small,  the 
piezoelectric  effect  [the  second  term  on  the  right  hand  side 
of  eq.  (8)]  has  much  less  effect  on  rc  compared  with  ri3  and 
7*33.  The  measured  value  of  r*  for  the  sample  under  stress 
free  condition  used  above  is  128pm/V.  The  corresponding 
coefficient  after  the  correction  of  the  piezoelectric  effect  is 
rc  =  131  pm/V 

From  measured  values  of  n*,  n0*  J"t3  and  7*33,  the  E-O  coef¬ 
ficient  rc  can  also  be  deduced  fromrc  =  r33  —  n\rn/n\.  From 
the  measured  results  of  nCf  /i0,  r* 3  and  r^~7  the  calculated  rc  is 
124  pm/V.  which  is  very  close  to  128  pm N  measured  directly 
using  the  Senarmont  compensator  method. 

A  qualitative  aging  experiment  was  also  performed  on  the 
E-0  coefficients  and  it  was  found  that  even  the  poled  sam¬ 
ple  was  used  for  various  other  measurements,  the  E-0  coef¬ 
ficients  were  nearly  the  same  when  measured  after  3  months. 
Therefore  the  optical  coefficients  reported  here  are  the  stable 
material  properties  of  0.88PZN-0.12PT  single  crystal. 


3.2  Discussion 

At  this  point,  it  is  interesting  to  compare  the  results  ob¬ 
tained  here  with  those  reported  earlier.  For  example,  the 
quadratic  E-0  coefficients  gn  -  gn  and  gM  were  measured 
by  Nomura  et  al.  [A/1,7  =  -*(l/2)n?-  gijuPkPh  where 

Pk  is  the  polarization  component  along  the  ^-direction].101 
Since  in  ferroelectric  single  crystals,  the  linear  E-0  effect  can 


be  regarded  as  a  polarization  biased  quadratic  E-0  effect,17^ 
the  relationships  between  the  linear  E-0  coefficients  and  the 
quadratic  E-0  coefficients  are: 

r33  —  ri3  =  2KzzSoP%{gn  -  £12)  (9a) 

r51  =  KueoPtg#  (9b) 

where  gu  =  gun,  gn  =  £1122,  and  £44  =  2g2323»  £33 
and  K\i  are  the  dielectric  constant  along  the  c-axis  and 
a-axis,  respectively,  Fs  is  the  spontaneous  polarization,  and 
s0  8.85  x  10”12  F/m  is  the  vacuum  permittivity. 

For  the  crystal  investigated  here,  at  room  temperature 
the  dielectric  constant  was  measured  to  be:  £33  =  710 
and  Kii  —  7630.  From  the  data  of  ref.  10,  gn  -  gn  = 
0.013  m4/C2  and  g44  =  0.009  m4/C2.  Hence,  the  ratio  of 
(7*33  —  r13)/r5i  is  equal  to  2£33(gu  —  gn)IKugu  =  0.269 
using  the  dielectric  constant  measured  here  and  the  g  coeffi¬ 
cients  of  ref.  10.  Using  the  value  of  the  r  coefficients  mea¬ 
sured  here  yields  the  ratio  of  (7*33  —  rn)!r$\  =  0.275.  The 
agreement  between  the  values  obtained  using  two  sets  of  data 
is  surprisingly  good. 

The  results  from  the  two  sets  of  data  can  also  be  compared 
directly  if  the  spontaneous  polarization  Ps  is  known.  From  the 
room  temperature  polarization  hysteresis  loop,  Ps  is  extrapo- 
late±  Fs  =  40  jjlCI cm2.  Substituting  Ps  and  other  data  to  the 
right  hand  sides  of  eq.  (9)  yields  r33  -  r13  =  65.3  pm/V  and 
r5l  =  243  pm/V.  The  results  show  that  the  linear  E-0  coeffi¬ 
cients  deduced  from  the  quadratic  E-0  coefficients  measured 
at  temperatures  near  and  above  the  dielectric  constant  max¬ 
imum  are  about  half  of  the  values  of  the  corresponding  co¬ 
efficients  measured  directly  at  poied  samples  (127  pm/V  and 
462  pm/V,  respectively).  In  other  words,  either  ?s  and/or  the 
g  coefficients  used  in  eq.  (9)  are  smaller  than  the  intrinsic  val¬ 
ues.  Although  one  cannot  rule  out  that  the  intrinsic  ?s  value 
for  the  crystal  studied  may  be  higher  than  40  fiCf cm2,  the  dif¬ 
ference  will  not  be  large  enough  to  account  for  the  discrep¬ 
ancy  observed  here. 

In  studies  of  the  relaxor  ferroelectric  Pb(Mgi/3Nb2/3)Or- 
PbTi03  system,  it  was  found  that  the  electrostrictive  coeffi¬ 
cients  measured  at  near  and  above  the  dielectric  constant  max¬ 
imum  are  much  smaller  than  the  intrinsic  values.  18’19)  This  is 
caused  by  the  fact  that  in  a  relaxor  ferroelectric  system,  the  re¬ 
sponse  of  the  local  polar  regions  under  external  electric  field 
includes  the  orientation  of  the  polar  regions  and  the  motion 
of  the  interface  between  the  non-polar  area  and  the  polar  re- 
gion.20)  All  these  responses  contribute  to  the  polarization,  but 
do  not  totally  contribute  to  the  strain  responses.l9)  PZN-PT  is 
also  a  typical  relaxor  ferroelectric  system  when  the  PT  con¬ 
tent  is  less  than  10%  and  the  evolution  from  a  relaxor  ferro¬ 
electric  to  a  normal  ferroelectric  is  a  gradual  process  covering 
a  broad  composition  range.4’2n  For  the  composition  studied 
here,  it  is  still  quite  close  to  the  MPB  and  hence  will  pos¬ 
sesses  many  features  resembling  a  relaxor  ferroelectric.  For 
example,  if  there  is  a  180°  local  polar  region  reorientation,  it 
will  not  cause  a  large  change  in  the  quadratic  E-0  coefficient 
in  spite  of  the  fact  that  there  is  a  large  polarization  change.  On 
the  other  hand,  this  response  will  influence  gn  —  gn  and  g^ 
in  a  similar  way  which  will  not  affect  the  ratio  between  them 
as  observed  here.  (The  ratio  of  (r^  —  rl3)/r51  measured  here 
is  the  same  as  the  ratio  of  IKnlgu  “  g\z)/K\\gM  deduced 
from  the  g-coefficients).  Thus,  the  observed  discrepancy  be- 
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Table  L  Properties  characterized  in  this  study  tcr0.S8P2N-0.12PT  single  crys&L 
„o  2.57,  /I.  =  2.46,  =r  134pm/V,  rl3  =  7pm/V,  rc  =  131  pm/V.  rn  =  462  pm/V  (all  measured  at  633  nm  wavelength 
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tween  the  measured  linear  E-0  coeffirients  and  the  calculated 
ones  from  the  quadratic  E-0  coefficients  is  reasonable.  That 
is.  when  the  measurement  is  performed  at  near  the  dielectric 
constant  maximum  where  there  is  a  strong  contribution  of  the 
polarization  responses  from  the  local  polar  regions,  the  re¬ 
sponse  of  the  local  polar  regions  in  reiaxor  systems  will  make 
the  measured  quadratic  E-0  coefficients  deviating  from  their 
intrinsic  values.  By  applying  a  high  external  field  to  remove 
this  mesoscopic  polarization  inhomogeneity  in  the  material,, 
one  may  be  able  to  obtain  the  intrinsic  coeffirients  as  observed 
in  PMN— PT  system.19’225 

In  Table  I,  the  material  properties  characterized  in  this 
study  are  summarized. 

4w  Summary  and  Acknowledgement 

Usins  the  newly  developed  automated  scanning  Macn- 
7~hnn>r  interferometer  and  the  Senarmont  compensator 
method,  the  linear  E-0  coeffirients  of  0.88PZN-0.12PT 
single  crystal  were  measured  at  room  temperature.  It  is 
found  that  the  coeffirients  measured  using  the  interferometer 
method  and  the  Senaimont  compensator  method  are  in  excel¬ 
lent  accord.  It  is  also  found  that  the  ratio  of  ( r ^  —  ^s)/r5i 
measured  here  is  also  in  very  good  accord  with  that  deduced 
from  the  quadratic  E-0  coefficients  measured  eariier.  How¬ 
ever.  in  comparing  the  absolute  values  of  the  linear  E-0  coef¬ 
ficients  measured  here  with  chat  deduced  from  the  quadratic 
E-O  coefficients,  it  was  found  that  the  quadratic  coefficients 
measured  eariier  at  temperatures  near  the  dielectric  constant 
maximum  may  be  substantially  smaller  than  the  intrinsic  val¬ 
ues  of  these  coefficients  due  to  the  existence  of  mesoscopic 
polar  regions  and  their  different  contributions  to  the  polariza¬ 


tion  response  and  E-0  response. 

This  work  was  supported  by  the  Office  of  Naval  Research 
trnHgr  Contract  No:  N000 14-98- 1-0527. 


1)  M.  E.  t  iniMt  and  A.  M.  Glass:  Principles  and  Applications  of  Ferro¬ 
electric*  and  Relaxed  Materials  (Clarendon  Press,  Oxford  1977). 

2)  L.  J.  Pinson:  Electro-optic:  (John  Wiley  &  Sons.  New  York.  1985). 

3)  J.  Kuwaca.  K.  Ucfaino  and  S.  Nomura:  Jpn.  J.  AppL  Phys.  21  (1982) 
1298. 

4)  J.  Kuwata.  K.  Ucfaino  and  S.  Nomura:  Ferroelectccs  37  (1981)  579. 

5)  S.-E.  Paik  and  T.Shrom  I  AppL  Phys.  82  (1997)  1804 

6)  S.-F.  Liu.  S.-E.  Park.  Z  R.  Shrout  and  LB.  Cross:  J.  AppL  Phys.  85 
(1999) 2810. 

7)  S.-E.  Park and T.  R.  Shrom:  Maiet Res. Iimov.  1(1997)  20. 

S)  B.  Ja£fe.  W.  R.  Cook  and  E  Jaffe:  Piezoelectric  Ceramics  (Academic 
Press.  New  York.  1971). 

9)  T.  Mitsui  and  S.  Nbmnn:  Ferroelectric  and  Related  Materials 
(Springer- Veriag,  Berlin.  1981). 

10)  S.  Nomura.  EArimaaxxtF.Xojima: Jpn. J.AppLPhys.  12(1973)531. 

11)  S.-F.  Liu:  unpublished, 

12)  TFPP  ftnarri-  An  American  National  Standard,  miie. Standard 

on  Piezoelectricity,  ANSIfiEEE  Std.  176  (19S7). 

13)  A.  R.  Johnson  and  J.  M.  Wsngaru  J.  OpL  Soc  Am.  55  (1965)  823. 

14)  D.  McHenry:  Dr.  Thesis,  Solid  Staie  Science,  The  Pennsylvania  State 
University  (1992). 

15)  F.  W.  Sears:  Optics  (Addsca-Wesiey,  Cambridge.  1956). 

16)  T.  Kwaaitaai.  B.  J.  Luymes  and  G.  A.  PijU:  J.  Phys.  D  13  (1980)  1005. 

17)  F.  Jona  and  G.  Shirane:  Fermelearic  Crystals  (Dover.  New  York  1993). 

1 8)  J.  Zhao.  A.  Glazonove.  Q.  M.  Zhang  and  B.  Toby”  AppL  Phys.  Lett.  72 
(1998) 1048. 

19)  Q.  M.  Zhang  and  J.  Zhao:  AppL  Phys.  Lett  71  (1997)  1649. 

20)  Z.-Y.  Cheng.  R.  S.  Xanyan  X  Yao  and  A.  S.  Shaila:  Phys.  Rev.  3  57 
(1998)  8166. 

21)  A.  HalliyaL  U.  Kumar. R.H. Newnham  and L  H.  Cross:  J.  .Am  Ceram. 
Soc  70  (1987)  119. 

22)  J.  Zhao:  Dc.  Thesis.  Solid  State  Science.  The  Pennsylvania  State  Uni¬ 
versity  (1998). 


MATERIALS  STUDIES 


High  Strain  Polymers 


APPENDIX  32 


JOURNAL  OF  APPLIED  PHYSICS 


VOLUME  87.  NUMBER  1 


1  JAiMj  AK  'i  2uuij 


Polarization  and  structural  properties  of  high-energy  electron  irradiated 
poly(vinylidene  fluoride-trifluoroethylene)  copolymer  films 


Vivek  Bharti,a)  H.  S.  Xu,  G.  Shanthi,  and  Q.  M.  Zhang 

Materials  Research  Laboratory.  The  Pennsylvania  State  University, 


Universitv  Park.  Pennsylvania  16802 


Kuming  Liang 

ATL  Echo  Ultrasound.  Reedsville.  Pennsylvania  17084 

(Received  2  June  1999:  accepted  for  publication  29  September  1999) 

The  effect  of  high-energy  electron  irradiation  on  structural  and  polarization  properties  of  50/50 
mol  %  copolymer  of  'polvfvinylidene  fluoride-trifluoroethylene)  was  investigated  for  both 
mechanically  stretched  and  unstretched  films.  Although  stretching  can  significantly  enhance  the 
polarization  and  dielectric  responses  in  uniiradiated  films,  it  was  observed  that  this  enhancement 
was  not  significant  in  irradiated  films.  In  addition,  the  polarization  in  both  types  of  films  after 
irradiation  can  be  described  quite  well  by  a  logarithmic  mixing  law  of  composites,  which  consist  of 
crystallites  embedded  in  an  amorphous  matrix  with  nearly  the  same  fitting  parameters.  On  the  other 
hand,  the  enhancement  of  the  mechanical  properties  from  stretching  persists  after  the  irradiation, 
and  the  elastic  modulus  along  the  stretching  direction  remains  high  after  irradiation  in  comparison 
with  unstretched  films.  It  was  found  that  the  dielectric  dispersion  in  both  types  of  films  after 
irradiation  fits  well  to  the  Vogel-Fulcher  law.  It  was  also  observed  that  the  crystallinity  decreases 
and  the  crosslinking  coefficient  increases  continuously  with  dose.  However,  there  was  no  direct  one 
to  one  type  relationship  between  the  crystallinity  and  the  crosslinking  coefficient.  Although 
stretching  can  reduce  the  rate  of  crosslinking,  the  reduction  of  crystallinity  with  dose  for  stretched 
and  unstretched  films  does  not  show  a  marked  difference.  ©  2000  American  Institute  of  Physics. 
[S002 1-8979(00)0850 1-7] 


I.  INTRODUCTION 

Since  the  discovery  of  ferroeleetricity  in  the  vinylidene 
fluoride-trifluoroethylene  copolymers  P(VDF-TrFE),  exten¬ 
sive  research  has  been  earned  out  to  understand  the  ferro¬ 
electric  behavior,  to  enhance  the  electromechanical  proper¬ 
ties,  and  to  establish  structure-property  relationship.1"'1  It  is 
well  known  that  the  electromechanical  properties  are  highly 
dependent  upon  the  structural  parameters  such  as  molecular 
orientation,  crystallinity,  and  the  state  of  polarization. 
Various  methods  such  as  high  temperature  annealing, 
stretching,  and  high  electric  field  poling8"10  have  been  em¬ 
ployed  to  introduce  high  degree  of  crystallinity  and  perfect 
alignment  of  dipoles  in  polymer  films. 

We  have  shown  recently  that  under  proper  electron  irra¬ 
diation  treatment,  P(VDF-TrFE)  copolymers  can  exhibit 
massive  electrostrictive  strain  with  high  elastic  energy 
density.11,12  It  was  also  observed  that  a  piezoelectric  state 
can  be  induced  in  this  copolymer  under  a  dc  electric  bias 
field  with  a  piezoelectric  constant  approaching  those  of  the 
current  piezoceramic  materials.13  In  addition,  the  irradiation 
treatment  was  found  to  convert  the  polymer  from  a  normal 
ferroelectric  to  a  relaxor  ferroelectric  exhibiting  a  broad  di¬ 
electric  relaxation  peak  following  Vogel-Fulcher  law,14  as 
observed  in  the  inorganic  ferroelectric  relaxors  like  lead 
magnesium  niobate  (PMN). 15,16  These  distinct  features  make 
this  material  very  attractive  for  a  broad  range  of  applications 
such  as  transducers,  actuators,  and  sensors,1718  and  also  for 
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the  fundamental  study  of  ferroelectric  systems  with  frozen-in 
defects  and  frustrations.16 

It  was  observed  that  the  electromechanical  properties  of 
irradiated  copolymers  depend  crucially  on  the  processing 
conditions  both  prior  and  during  the  irradiation.  For  ex¬ 
ample.  by  mechanically  stretching  the  copolymer  films  prior 
to  the  irradiation,  the  electric  field  induced  strain  and  elec¬ 
tromechanical  coupling  coefficient  can  become  much  higher 
along  the  stretching  direction  in  comparison  to  the  thickness 
direction  or  unstretched  films.  Furthermore,  the  changes  in 
the  phase  transition  properties  with  irradiation  doses  can  also 
be  affected  markedly  by  stretching.13  These  findings  raise  the 
questions  of  what  are  the  structural  reasons  behind  the  ob¬ 
served  phenomena,  and  how  the  field  induced  strain  and 
other  electromechanical  properties  can  be  improved  further. 

For  the  P(VDF-TrFE)  copolymers,  it  is  well  known  that 
depending  upon  the  molar  content  ratios  of  VDF  (.v)  and 
TrFE  (1  -x)  and  on  crystallization  conditions,  the  copoly¬ 
mer  can  crystallize  into  polar  (/ 3  phase)  and  nonpolar  (a 
phase).19  The  ferroelectric  (3  phase  consists  of  the  polar 
packing  of  zigzag  chains,  while  the  a  phase  is  constructed 
with  an  arrangement  of  antiparallel  TGTG'  chains.  For  co¬ 
polymers  containing  a  VDF  content  of  less  than  about  85%. 
the  ferroelectric-paraelectric  (F-P)  transition  lies  below  their 
melting  temperature.  At  temperatures  higher  than  the  transi¬ 
tion  temperature  (Curie  temperature),  the  /3  phase  is  con¬ 
verted  into  a  paraelectric  phase  with  a  random  mixture  of 
TG.  TG' ,  and  TTTG  conformations. 
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The  effect  of  high-energy  radiation  such  as  gamma  rays 
and  electron  beams  on  polymeric  material  has  been  inten- 
sively  studied  over  the  past  several  decades.  t  was 
found  that  the  7  irradiation  improves  the  piezoelectric  reten- 
tion  characteristics  in  uniaxially  stretched  and  poled  P 
films 23  It  was  observed  that  under  very  specific  electron  ir¬ 
radiation  conditions,  the  P(VDF-TrFE)  copolymer  undergoes 
a  solid  phase  transformation  from  the  ferroelectric  phase  to  a 
structure  similar  to  the  paraelectric  phase.'  Marked  changes 
in  the  dielectric  and  mechanical  properties  m  irradiated  co- 
polvmers  were  also  observed.25'26  At  high  electron  doses. 
P(VDF-TrFE)  loses  all  crystallinity  and  becomes  an  amor¬ 
phous  polymer.24  .Although  these  studies  provide  useful  re¬ 
sults  regarding  changes  in  the  crystalline  phase  and  morphol¬ 
ogy  of  the  VDF  based  polymers,  no  attempt  has  been  made 
o  investigate  the  changes  in  the  ferroelectric  response,  and 
to  link  the  structural  changes  to  the  changes  m  function^ 
properties  which  are  of  most  interest  from  both  applied  and 

fundamental  points  of  view. 

In  this  article,  we  will  examine  the  evolution  in  the 
ferroelectric  behavior  of  P(VDF-TrFE)  copolymer  with  irra¬ 
diation.  and  link  them  to  the  chemical  and  morphological 
changes  in  the  copolymer  due  to  irradiation.  It  is  of  great 
interest  to  understand  the  structural  reasons  for  the  appear¬ 
ance  of  relaxor  ferroelectric  behavior  and  directions  for  the 
further  improvement  of  electro-mechanical  properties  in  the 
irradiated  copolvmers.  The  composition  chosen  for  this  study 
is  P(VDF-TrFE).  50/50  mol%  copolymer.  It  was  shown  that 
among  the  compositions  available  to  us  and  investigated  ear¬ 
lier  (50/50  65/35.  and  70/30  mol  9c),  it  is  the  only  composi¬ 
tion  that  can  be  converted  to  the  relaxor  ferroelectric  by  2.53 
MeV  energy  electrons  in  both  stretched  and  unstretched 
films  One  of  the  objectives  here  is  to  investigate  the  differ¬ 
ences  between  unstretched  and  stretched  films  in  various 
properties  pertinent  to  the  relaxor  ferroelectric  behavior  and 
electromechanical  responses  in  irradiated  films.  In  parallel 
with  the  measurement  of  polarization  hysteresis  and  dielec- 
tric  properties,  wide  angle  x-ray  diffraction,  thermal  property 
measurement  (differential  scanning  calonmeter,  DSC  data), 
crosslinking  coefficient,  and  elastic  modulus  were  also  used 
to  characterize  the  structural  and  morphological  changes  in 
the  irradiated  copolymer. 


II.  EXPERIMENT 

The  P(VDF-TrFE)  50/50  mol  %  copolymer  powder  was 
supplied  by  Solvay  and  Cie,  Bruxelles  Eelgium  aud  the 
copolymer  has  a  mean  molecular  weight  of  200000.  The 
films  were  prepared  by  pressing  the  copolymer  powder  be¬ 
tween  aluminum  foil  at  215  °C  and  then  cooled  down  to 
room  temperature,  either  by  quenching  the  sandwich  in  ice 
water  or  by  slow  cooling.  The  stretched  films  were  prepared 
by  uniaxially  stretching  the  quenched  films  up  to  five  times 
of  their  initial  length  at  25  °C.  In  order  to  improve  the  crys- 
tallinity  the  stretched  films  were  annealed  under  the  clamped 
condUion  in  a  vacuum  oven  at  140' «C  for  16  h.  The  electron 
irradiation  was  carried  out  in  a  nitrogen  atmosphere  with 


o  55  MeV  electrons  at  95  °C  with  different  irradiation  doses 
ranging  from  40  to  100  Mrad.  The  film  thickness  ranged 

from  25  to  30  /xm.  . 

The  samples  used  for  dielectric  constant  and  polarization 

hysteresis  measurement  were  sputtered  with  gold  electrodes 
on  both  surfaces.  The  polarization  hysteresis  loops  were 
measured  using  the  Sawyer-Tower  technique.  An  external 
electric  field  was  applied  in  the  form  of  triangular  waveform 
with  a  frequency  of  10  Hz  and  an  amplitude  of  160  MV/m. 
The  dielectric  measurements  were  carried  out  using  a  dielec¬ 
tric  analyzer  (TA  instrument.  Model  No.  2870)  m  a  fre¬ 
quency  ranae  from  30  Hz  to  100  kHz  and  m  a  temperature 
interval  of"- 60  to  120  °C.  The  DSC  measurements  were 
taken  using  a  differential  scanning  calorimeter  (TA  instru¬ 
ment  Model  No.  2010)  at  a  scanning  rate  of  10  °C/min  under 
a  nitrogen  atmosphere.  The  x-ray  patterns  were  taken  at 
room  temperature  (20  °C)  using  a  Scrntag  diffractrometer 
(model  PAD-V)  with  Ni  filtered  Cu  Ka  radiation.  The  elastic 
modulus  of  the  films  was  measured  along  the  film  direction 
(perpendicular  to  the  film  thickness)  using  a  Dynamic  Me¬ 
chanical  Analvzer  (TA  instruments.  Model  No.  2890)  in  a 
temperature  range  from  -60  to  90  °C  at  10  Hz  frequency. 

The  measurement  on  the  crosslinking  factor  was  per¬ 
formed  by  measuring  the  gel  content  of  irradiated  films  using 
the  American  standard  test  method  (D2765-95)  by  placing 
the  samples  inside  a  Soxhlet  Extractor  and  extracting  with 
the  methyl  ethyl  ketone  at  its  boiling  point  for  12  h.  After 
measuring  the  gel  content,  these  films  were  kept  in  dimethyl 
foramide  "solution  for  ten  days  at  room  temperature  in  order 
to  reach  their  equilibrium  degree  of  swelling.  The  average 
molecular  weight  between  crosslinks  (A/,),  which  is  the  rep¬ 
resentative  of  the  crosslinking  density  was  calculated  using 
the  following  equations: 

\r  ^ 

P2  M  2  (1) 

^ c  ln(  1  -  cb2)-^ 

where  p2  is  the  density  of  the  polymer  before  swelling,  V,  is 
the  molar  volume  of  solvent.  *i  is  the  polymer-solvent  in¬ 
teraction  parameter,  and  <t>i  is  the  volume  fraction  of  the 
polymer  which  is  defined  as 

W2fP2  (2) 

2  Wi/pi  +  Wilpi 

where  W{  and  W2  are  the  weights  of  the  polymer  and  sol¬ 
vent  and  p,  and  p2  are  the  densities  of  the  polymer  and 
solvent,  respectively. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

A.  Polarization  responses,  x-ray,  DSC,  and 
crosslinking  coefficient  measurements  on  irradiated 

copolymers 

1 .  Polarization  responses 

Figures  1(a)  and  1(b)  compare  the  polarization  hysteresis 
loops  measured  at  room  temperature,  for  unstretched  and 
stretched  films,  as  a  function  of  irradiation  dose.  As  can  be 
seen,  for  unirradiated  films,  the  polarization  level  of  the 
stretched  film  is  much  higher  in  comparison  to  the  un¬ 
stretched  films  although  it  will  be  shown  later  that  there  is 
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FIG.  1.  Change  in  the  polarization  hysteresis  loops  measured  for  (a)  un¬ 
stretched.  and  (b)  stretched,  P(VDF-TrFE)  50/50  mol  %  copolymer  films 
umrradiated  and  irradiated  at  95  °C  with  different  doses,  (c)  Variation  of 
polarizadon  (P)  induced  under  the  160  MV/m  electric  field  [obtained  from 
(a)  and  (b)]  with  the  irradiation  dose. 


not  a  large  difference  in  the  crystallinity  between  the  two 
groups  of  samples.  The  result  agrees  with  earlier  studies  and 
it  arise  due  to  a  higher  degree  of  crystalline  orientation  in  the 
stretched  films  than  in  unstretched  ones.28 

After  irradiation,  the  polarization  hysteresis  is  reduced 
markedly  for  both  unstretched  and  stretched  films.  The 
change  of  the  field  induced  polarization  P  under  160  MV/m 
field  as  a  function  of  dose  is  summarized  in  Fig.  1(c).  For 
irradiated  films,  it  can  be  seen  clearly  that  there  is  not  a  large 
difference  in  the  induced  polarization  level  between  the 
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FIG.  2.  X-ray  diffraction  pattern  of  (a)  unstretched,  and  (b)  stretched. 
P(VDF-TrFE)  50/50  mol  ?c  copolymer  films  irradiated  with  different  doses 
at  95  °C.  . 

stretched  and  unstretched  ones  after  40  Mrad  irradiation. 
This  is  in  sharp  contrast  with  the  unirradiated  films  where  the 
stretched  film  exhibits  a  substantially  higher  polarization 
compared  with  the  unstretched  one.  These  results  show  that 
the  enhancement  of  the  polarization  due  to  alignment  of 
crystallites  induced  by  stretching  is  nearly  eliminated  as  a 
consequence  of  the  irradiation.  On  the  other  hand,  both 
DMA  data  (Figs.  9  and  10)  and  electric  field  induced  strain 
data  show  that  the  irradiation  does  not  change  the  chain 
orientation  markedly  in  stretched  samples,  at  least  in  the 
range  of  40  and  60  Mrad  doses.  Therefore,  the  large  reduc¬ 
tion  of  the  polarization  in  stretched  films  due  to  irradiation 
suggests  that  the  irradiation  randomizes  the  crystallite  orien¬ 
tation  in  directions  perpendicular  to  the  chain  stretching 
direction. 

2.  X-ray  results 

Figures  2(a)  and  2(b)  present  x-ray  patterns  of  (200)  and 
(110)  reflections  obtained  from  unstretched  and  stretched 
films  irradiated  under  different  doses.  As  expected,  the  unir¬ 
radiated  unstretched  films  exhibit  two  peaks  at  4  72  and  4  59 
A  (20=18.79°  and  19.28°).  The  peak  at  4.72  A  is  from  the 
hexagonal  packing  of  3/1 -helical  chains  generated  by  TG 
and  TG'  defects,  which  are  due  to  the  presence  of  domain 
patterns  and  the  second  is  due  to  similarly  packed  trans- 
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pjG  3  (a)  X-ray  scan  from  unirradiated,  stretched  P(VDF-TrFE)  50/50 
mol  %  copolvmer  films  used  to  illustrate  the  calculation  of  crystallinity.  The 
r^hous  and  crystalline  regions  were  separated  by  fitting  the  Lorentzian 
function  and  are  represented  by  shaded  and  nonshaded  area  respectively,  (b) 
Change  in  the  crvstallinitv  with  the  irradiation  dose  calculated  from  x-ray 
[Figs~2(a)  and  2(b)]  and  DSC  [Figs.  4(a)  and  4(b)].  The  symbols  here  are 
thedata  points  and  lines  are  drawn  to  guide  points. 


planar  chains.19"9  However,  the  stretched  films  show  only 
one  broad  peak  at  4.68  A  spacing  and  therefore,  it  indicates 
that  the  stretching  not  only  eliminates  the  chain  segments 
containing  3/1  helical  conformation,  but  also  packs  more 
closely  the  chain  segments  that  already  are  in  the  trans- 
planar  conformation.30  The  similar  effect  can  also  be  ob¬ 
served  by  poling  the  unstretched  films/0  The  broadening  of 
the  x-ray  peak,  in  unirradiated  films  after  stretching  [Fig. 
2(b)],  suggests  that  in  addition  to  reduction  in  the  crystallite 
sizes'  stretching  also  induces  additional  domain  boundaries 
parallel  to  the  polymer  chains.  This  results  in  a  reduction  m 
the  size  of  the  coherent  x-ray  diffraction  region  for  the  (200) 
and  (110)  reflections. 

After  40  Mrad  of  irradiation,  only  one  peak  is  observed 
at  a  lower  angle  for  both  the  unstretched  and  stretched  films 
and  thus  clearlv  indicates  the  expansion  of  the  lattice  due  to 
the  introduction  of  defects  in  the  crystalline  phase  dunng  the 
irradiation.  This  is  responsible  for  the  observed  change  in  the 
polarization  hysteresis  from  a  typical  normal  ferroelectric 
hysteresis  loop  to  a  slim  polarization  loop.  After  60  Mrad 
irradiation,  the  peak  appears  at  4.84  A  for  both  unstretched 
and  stretched  films.  The  corresponding  lattice  spacing  is 
close  to  the  paraelectric  phase  as  determined  from  x-ray  data 
taken  above  the  Curie  temperature  for  unirradiated  copoly¬ 
mer  films  and  therefore,  indicate  the  conversion  of  ferroelec¬ 
tric  to  a  paraeiectric-like  phase  at  this  dose.  It  should  be 
pointed  out  that,  although  macroscopically  (from  x-ray  dif¬ 
fraction),  the  phase  after  irradiation  is  paraelectric  like,  the 
observed  broad  dielectric  constant  peak  with  Vogel-Fulcher 
dielectric  dispersion  behavior  suggests  that  the  phase  re¬ 
sembles  a  relaxor  ferroelectric  with  local  polar  regions  (polar 
alass  svstem).11  The  x-ray  peaks  become  relatively  more  in¬ 
tense  after  60  Mrad  irradiation  for  unstretched  films  and  after 
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FIG.  4.  DSC  thermogram  of  (a)  unstretched,  and  lb)  stretched.  P(VDF- 
TrFE)  50/50  mol  %  copolymer  unirradiated.  and  irradiated  with  differen 

doses  at  95  °C. 


80  Mrad  irradiation  for  stretched  films  in  comparison  to  the 
unirradiated  films  and  the  films  irradiated  with  lower  doses. 
The  increase  in  the  coherence  length  of  x-ray  diffraction  is 
due  to  the  disappearance  of  the  macroscopic  ferroelectric  or- 

dering.  ,  ,  , 

Interestingly,  at  higher  doses  the  x-ray  peak  moves  back 
to  higher  angle  and  concomitantly  the  peak  broadens,  indi¬ 
cating  the  reduction  of  the  crystallite  size.  The  cause  for  the 
contraction  in  the  lattice  spacing  between  polymer  chains  is 
unclear.  It  might  be  related  to  the  nature  of  the  defects  in¬ 
duced  during  the  irradiation,  which  depend  on  the  boundary 
conditions  of  the  crystalline-amorphous  interface  and  crys¬ 
tallite  size.  At  high  irradiation  doses,  the  crystallite  size  be¬ 
comes  quite  small  and  the  shape  of  the  x-ray  peak  becomes 
Lorentz  type  suggesting  that  the  crystallite-amorphous  inter¬ 
face  is  also  quite  diffused.  In  addition,  peak  area  analysis,  as 
shown  in  Fig.  3(a),  indicates  that  at  doses  of  80  Mrad  or 
higher,  the  crystallinity  of  the  copolymer  has  been  reduced  to 
less  than  half  as  compared  with  the  unirradiated  films  [Fig. 
3(b)]. 


3.  DSC  results 

In  order  to  further  quantify  the  change  in  the  transitional 
behavior  in  irradiated  samples,  a  DSC  measurement  was 
conducted  on  these  samples.  As  expected,  the  thermal  prop- 
erties  of  the  copolymer  undergo  a  significant  change  after 
irradiation.  Figures  4(a)  and  4(b)  summarize  the  DSC  results 
obtained  from  unstretched  and  stretched  copolymer  films,  re- 
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spectively.  Being  ferroelectric  in  nature,  before  irradiation 
both  unstretched  and  stretched  films  exhibit  two  peaks.  The 
peak  at  63  °C  is  due  to  ferroelectric  to  paraelectric  (F-P) 
transition,  while  the  peak  at  157  °C  is  due  to  the  melting  of 
crystals.31  For  unirradiated  films,  the  crystal  melting  peak  for 
stretched  films  is  sharper  and  more  intense  than  unstretched 
films  and  thus,  reflects  a  higher  crystalline  ordering  for 
stretched  films.  After  the  irradiation,  the  temperature  and  the 
enthalpy  of  the  melting  peak  decrease  continuously  with  the 
irradiation  dose  for  both  unstretched  and  stretched  films.  As¬ 
suming  that  the  enthalpy  of  the  melting  is  directly  propor¬ 
tional  to  the  crystallinity  in  the  sample,  the  change  of  crys¬ 
tallinity  with  dose  can  be  deduced32*33  and  is  presented  in 
Fig.  3(b).  Clearly,  the  change  of  crystallinity  with  the  dose 
acquired  from  the  x-ray  data,  is  consistent  with  that  from  the 
DSC  data,  although  the  DSC  data  yield  a  slightly  lower  crys¬ 
tallinity. 

It  is  well  known  that  the  morphology  of  P(VDF-TrFE) 
copolymers  is  that  of  crystallites  embedded  in  an  amorphous 
matrix,  which  is  analogous  to  a  composite  structure.4  It  is 
interesting  to  compare  the  results  obtained  here  on  the  polar¬ 
ization  and  crystallinity  (approximately  the  volume  fraction 
of  the  crystallites  in  the  polymer).  Figure  5(a)  presents  the 
polarization  P  induced  by  160  MV/m  field  as  a  function  of 
crystallinity,  which  is  taken  from  the  averaged  value  of  the 
DSC  and  x-ray  data.  Apparently,  the  initial  drops  of  the  crys¬ 
tallinity  at  low  dose  range  (40  Mrad)  causes  a  large  reduction 
in  the  polarization  in  both  stretched  and  unstretched  films. 
As  has  been  pointed  out,  the  initial  precipitant  decrease  of 
the  polarization  in  the  stretched  films  is  also  partly  caused  by 
the  reduction  in  the  crystallite  orientation  in  the  irradiation 
process.  Therefore,  if  the  crystallinity  of  the  polymer  under 
40  Mrad  dose  can  be  raised,  due  to  the  high  ratio  of  the 
polarization/crystallinity  for  the  copolymer  studied  here  at 
this  particular  dose  the  polarization  level  can  be  improved 
markedly,  especially  in  stretched  films. 

For  a  composite  system,  there  are  many  relationships 
describing  the  dependence  of  the  dielectric  properties  of  a 
composite  with  the  properties  of  constituents.  It  was  found 
that  the  logarithmic  law  of  mixing  of  composites  can  fit  most 
of  the  experimental  data  well,19 

log  P  =  vc  log  Pc  +  ( 1  -  vc )  log  Pa ,  (3) 

where  P  is  the  total  polarization,  Pc  and  Pa  are  the  averaged 
polarizations  of  the  crystallites  and  amorphous  regions,  re¬ 
spectively,  and  vc  is  the  crystallinity.  The  fitting  of  the  data 
in  Fig.  5(a)  is  shown  in  figure  5(b)  where  for  the  stretched 
films  the  data  point  from  the  unirradiated  stretched  film  is 
not  included  because  of  its  high  crystallite  orientation  effect. 
Clearly,  Eq.  (3)  fits  the  data  quite  well  for  both  stretched  and 
unstretched  films.  Surprisingly,  the  slopes  of  the  curves  from 
the  two  sets  of  data  are  nearly  the  same,  indicating  that 
PC!P a  is  nearly  the  same  for  both  stretched  and  unstrectched 
films.  The  parameters  obtained  in  the  fitting  are,  Pc 
=  144.5  mC/m2  and  Pa  =  15.5  mC/m2  for  unstretched  films, 
while  for  stretched  films,  Pc  =  1 5 1 .6  mC/m2  and  Pa 
=  18.4mC/m2.  The  fact  that  Pc  from  irradiated  stretched 


FIG.  5.  (a)  Change  in  polarization  (P)  induced  by  160  MV/m  electric  field 
with  the  averaged  value  of  crystallinity  obtained  from  the  x-ray  and  DSC 
data  [Fig.  3(b)].  (b)  Fitting  of  the  logarithmic  law  for  unstretched  and 
stretched  P(VDF-TrFE)  50/50  mol  9c  copolymer  films  after  40  Mrad  irra¬ 
diation  at  95  °C.  The  solid  line  is  the  fining  and  points  are  the  experimental 
data  obtained  from  (a). 


films  is  only  about  5%  higher  than  that  in  unstretched  films 
confirms  that  stretching  does  not  have  a  marked  effect  on  the 
polarization  level  in  irradiated  films. 

In  addition  to  the  reduction  of  the  crystallinity,  the  DSC 
peak  associated  with  melting  of  crystals  also  broadens  with 
doses.  This  indicates  the  presence  of  broad  distribution  in 
crystallite  sizes  and  crystal  ordering  in  irradiated  films, 
which  is  due  to  the  lattice  defects  and  crosslinking  in  the 
copolymer. 

In  contrast  to  the  DSC  peak  of  the  melting  process  for 
unirradiated  films,  the  peak  of  F-P  transition  for  the  un¬ 
stretched  film  is  sharper  with  a  higher  transition  enthalpy  in 
comparison  with  the  stretched  film.  This  shows  that  the 
stretching  process  does  introduce  defects  in  the  crystalline 
region,  which  have  a  much  stronger  effect  on  the  polar  or¬ 
dering,  but  have  a  minimum  effect  on  the  crystalline  order¬ 
ing. 

Consistent  with  the  polarization  data  where  there  is  very 
weak  hysteresis  for  film  irradiated  with  40  Mrad  dose,  the 
DSC  data  show  that  the  F-P  phase  transition  peak  almost 
disappears  upon  40  Mrad  irradiation  for  both  stretched  and 
unstretched  films.  Interestingly,  a  broad  DSC  peak  reappears 
at  temperatures  near  the  original  F-P  transition  peak  position 
of  unirradiated  films  when  the  dose  is  increased  to  80  Mrad 
and  beyond.  This  is  consistent  with  the  x-ray  data  where  at 
high  doses  the  x-ray  peak  moves  back  to  higher  angle.  The 
finding  here  indicates  that  the  structural  defects  introduced 
by  irradiation  in  the  crystalline  region  depends  on  the  crys¬ 
tallite  size  and  also  the  boundary  conditions  at  the 
crystalline-amorphous  interface. 
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Crosslinking  coefficient  measurements  results 

Crosslinking  coefficient  (or 
■asured  to  provide  information  on  the  effect  of  crosslink 
on  the  properties  investigated  here.  Figure  6(a)  present 
:  change  in  the  number  of  repeating  units  (n)  between  two 
Rfnk  points  along  the  chain  in  unit  of 
CF  CHF-CFi-as  a  function  of  dose  for  both 
films.  The  lover  fire  valoe  of. 
Responds  to  the  greater  value  of  the  crossiinking  density. 
3  with  the  same  dose,  the  crosslinking  density  is  much 
werln  the  stretched  films  compared  with  unstretched  film  • 

,  Fio  6(b).  the  crosslinking  coefficient,  which  is  the  nun* 

•  c  ossl  nk  per  chain,  is  presented  as  a  function  o  irracha- 
on  dose.  For  both  unstretched  and  stretched  films,  the 
-osslinkinCT  coefficient  increases  with  dose.  The  rate  0  e 
lcrease  indie  crosslinking  coefficient  for  the  stretched  films 

retched  m ml  Thif indicates  Tafthe  ctetin  orientation  in- 

t  rate  of  the  crosslinking  coefficient  with  dose  for  stretched 
ilms  becomes  hiaher  than  that  for  unstretched  films  As  has 
,een  shown,  irradiation  randomizes  the  orientation  (crystal¬ 


lites  and  polymer  chains)  induced  by  stretching,  at  high  dos¬ 
ages  dre  loci  chain  orientation  in  stretched  films  may  not  be 
very  much  different  from  that  in  unstretched  films. 

Presented  in  Fig.  6(c)  is  the  crosslinking  coefficient  as  a 
function  of  crystallinity  for  the  two  sets  of  samples mvesu- 
nated  For  both  unstretched  and  stretched  film  , 
crosslinking  coefficient  increases  in  Propo^n  m  the Je- 
crease  in  the  crystallinity.  Furthermore,  even  with  the  same 
crystallinity,  the  crosslinking  coefficient  of  unstretched  film 
is  h“her  than  that  in  stretched  films.  In  other  words  the 
reduction  of  the  crystallinity  in  the  copolymer  under  irradia¬ 
tion  is  not  directly  controlled  by  the  crosslinking  density,  bu 
it?s  expected  that  the  crosslinking  process  has  a  significant 
role  here  in  the  conversion  from  the  crystalline  to  amorphous 

^e  influence  of  crosslinking  density  on  the  ferroelectric 
behavior  and  polar  ordering  in  the  crystalline  region t  is  not 
clear  From  the  data  presented,  it  seems  that  as  far  as  the  field 
Educed  polarization  is  concerned,  the  effect  of  crossiinking 
density  is  not  significant  and  direct.  However,  the  crosshnk- 
in^densitv  should  have  a  direct  effect  on  the  crystallite  size, 
which  mav  affect  the  polar  response  in  the  copolymer  when 
the  size  of  crystallites  becomes  small. 

B.  Dielectric  and  mechanical  responses  and 
relaxations 

1.  Dielectric  responses 

To  further  elucidate  the  change  in  the  ferroelecnic  re¬ 
lated  properties  in  the  irradiated  films,  the  weak  field  die  ec- 
tric  constant  was  measured  on  irradiated  films  as  a  function 
of  ireadiation  dose.  Figures  7(a)  and  7(b) 
ture  dependence  of  the  dielectric  constant  at  1  kHz  for  he 
films  irradiated  for  different  doses.  Before  irradiation,  the 
dielectric  constant  for  stretched  films  is  higher  than  that  of 
unstretched  films,  which  is  consistent  with  the  polarization 
result  and  arises  due  to  the  higher  dipolar  orientation  m  the 
stretched  films.  After  the  irradiation,  the :  dielectnc  peak  of 
both  unstretched  and  stretched  films  shifts  towards ;  a  lovre 
temperature  in  comparison  to  respective  unirradiated  film 
and  therefore,  increases  the  room  temperature  dielectnc  con¬ 
stant  remarkably.  In  addition,  the  dielectnc  peak  after  irra 
diation  becomes  broader  and  exhibits  a  strong  frequency  dis¬ 
persion  [Fie.  8(a)].  As  shown  in  Figs.  8(b)  and  8(c)  for  o 
fetched  and  unstretched  irradiated  films,  the  feperaci ^ 
lows  Vo-el-Fulcher  law,  an  empincal  law  which  holds  for 
the  systems  undergoing  freezing  below  certain  temperature, 
j  such  as  glassy  and  relaxor  ferroelecmc  matenals. 


,  zl 

f-fo  exPj^(7'_ Tf) 


(4) 


where  T  is  the  dielectric  constant  peak  temperature,  /  is  the 
Responding  frequency,  and  *  is  the 

The  fitting  parameters  obtained  are  summanzed  in  Table  L  It 
we  regard  that  the  Vogel-Fulcher  law  describes  a  drermal ly 
activated  process  with  the  activation  energy  approaching  t 
infinity  at  77,  Eq.  (4)  can  be  rewritten  as,  f-fo 
X  exp(  —  cdkT) ,  where  for  the  polarization  freezing  process, 
«=  <777(1-  77)  which  leads  to  Vogel-Fulcher  law.  Hence, 
<7  is  directly  related  to  the  activation  energy  or.  The  pararn- 


?G,  7.  Change  in  the  dielectric  constant  (solid  lines)  and  tangent  lc 

WWFTrre!  50/™  IV  ^  freqUenCy  “  3  function  of  tentperature  1 

Z  ia>  unstretched-  “d  (b)  stretched  films  irrat 

ated  at  95  C  with  different  doses. 


eter  U  for  unstretched  films  and  stretched  films  shows  quite 
different  values  and  it  is  higher  in  unstretched  films  than  that 
in  the  corresponding  stretched  films.  In  addition,  as  the  dose 
increases,  U  decreases  monotonically. 

Therefore,  both  the  polarization  and  dielectric  constant 
data  suggest  that  the  irradiation  destroys  the  ferroelectric  or¬ 
dering  and  breaks  the  macro-polar  domains  into  micropolar 
regions.  The  observed  V-F  type  relaxation  suggests  that 
these  local  polar  regions  couple  to  each  other  and  this  cou¬ 
pling  becomes  stronger  with  the  decreasing  temperature.  The 
decrease  of  U  with  the  dose  indicates  the  reduction  in  the 
polar-region  size  with  irradiation.  The  observed  upward 
shifting  of  Tf  at  high  dosage  suggests  that  the  average  polar 
ordering  in  these  regions  increases,  which  is  consistent  with 
the  x-ray  and  DSC  data  presented. 


T(K) 


T(K) 


ae  -  ana  aieiectnc  loss  (broken  lines) 

as  a  function  of  temperature  for  unstretched  P(VDF-TrFE)  so/50  mol<* 
copo  ymer  films  after  40  Mrad  irradiation  at  95  «C.  The  measuSe^n- 
cies  (from  top  to  bottom  for  dielectric  constant  and  from  bottom  "to  top  for 
dielectric  loss)  30  Hz,  100  Hz,  300  Hz.  1  kHz  3  kHz  10  kH7  30 

iaw  f°r  (w  ~He°d“d  s 

95»c  ihffolidTn!  T?  fiC°P  ymer  films  after  40  M"*  Nation  at 
95  C.  The  solid  line  is  the  fitting  and  the  circles  are  the  experimental  data. 


For  electromechanical  transduction  applications,  me¬ 
chanical  properties  are  of  great  importance.  They  also  pro¬ 
vide  valuable  information  on  the  structural  and  relaxation 
processes  m  the  material.  Presented  in  Figs.  9  and  10  are  the 
elasuc  modulus  of  unstretched  and  stretched  films  respec- 


-40  -20  0  20  40  60  80 

T(°C) 

FIG.  9.  Change  in  the  (a)  elastic  modulus  and  ib)  mechanical  loss  as  a 
function  of  temperature  for  unstretched  P(VDF-TrFE)  50/50  mol  %  copoly¬ 
mer,  unirradiated,  and  irradiated  at  95  °C  with  different  irradiation  doses. 
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FIG.  10.  Change  in  the  (a)  elastic  modulus  and  (b)  mechanical  loss  as  a 
function  of  temperature  for  stretched  P(VDF-TrFE)  50/50  mol  %  copoly¬ 
mer.  unirradiated,  and  irradiated  at  95  °C  with  different  irradiation  doses. 


tively.  For  stretched  films,  only  the  modulus  along  the 
stretching  direction  is  shown.  As  expected,  stretched  films 
[Fig.  10(a)]  exhibit  higher  elastic  modulus  in  the  stretching 
direction  in  comparison  to  the  unstretched  films  [Fig.  9(a)], 
which  is  due  to  the  alignment  of  chains.  After  the  irradiation, 
the  elastic  modulus  is  found  to  decrease  with  the  irradiation 
dose  in  most  of  the  temperature  region.  However,  at  low 
temperatures  (below  the  glass  transition,  about  -30  °C),  due 
to  the  crosslinking,  the  irradiated  films  exhibit  higher  modu¬ 
lus  than  unirradiated  films.  It  is  also  interesting  to  note  that 
for  unstretched  films  irradiated  with  40  and  60  Mrad  and  for 
stretched  films  irradiated  with  40  Mrad  dose,  at  temperatures 
above  10  and  to  90  °C,  which  is  the  upper  temperature  range 
measured,  the  elastic  modulus  shows  a  very  weak  tempera¬ 
ture  dependence  compared  with  uniiradiated  films.  Above 
these  doses,  the  films  exhibit  an  increased  room  temperature 
modulus,  presumably  due  to  increased  crosslinking  density. 
The  modulus  decreases  with  temperature  with  a  noticeable 
relaxation  step  at  temperatures  near  40  °C.  In  addition,  after 
the  irradiation,  the  elastic  modulus  of  stretched  films  along 
the  stretching  direction  remains  higher  compared  with  un¬ 
stretched  films  (except  at  100  Mrad). 

We  now  discuss  the  relaxation  processes  in  the  films 
studied  where  the  data  from  both  the  mechanical  and  dielec¬ 
tric  losses  will  be  used.  In  P(VDF-TrFE)  copolymers,  it  is 
known  that  several  relaxations  exist,  which  depend  on  the 
molecular  relaxations  in  amorphous,  crystalline,  and  at  the 


crystal-amorphous  interfaces.34  Dielectric  responses  are  from 
those  relaxations  in  which  motions  of  dipoles  are  involved, 
while  the  motions  related  to  mechanical  relaxations  can  be 
due  to  the  non-polar  processes.  Therefore,  as  shown  in  an 
earlier  study,  the  loss  peak  from  the  mechanical  data  may  not 
be  at  the  same  temperature  and  frequency  position  as  that 
from  the  dielectric  data.35 

In  the  temperature  range  studied,  the  mechanical  tangent 
loss  exhibits  two  relaxation  peaks.  Before  irradiation  two 
weak  peaks  around  -40  °C  (/?)  and  30  JC  (a)  are  observed  in 
unstretched  films,  which  have  been  attributed  in  earlier  stud¬ 
ies  to  the  molecular  relaxation  in  amorphous  and  crystalline 
regions  and/or  crystalline  amorphous  interface  boundaries 
[Fig.  9(b)].  While  for  unirradiated  stretched  films,  these 
peaks  are  much  weaker  [Fig.  10(b)]  due  to  the  alignment  of 
polymer  chains.  These  mechanical  relaxation  peaks  may  be 
compared  with  the  dielectric  loss  peaks  [Figs.  7(a)  and  7(b)]. 
A  broad  dielectric  loss  peak  can  be  seen  at  temperatures  near 
—  30  °C  and  a  weak  sharp  peak  at  near  65  °C  for  unstretched 
films.  For  stretched  films,  a  broad  dielectric  loss  peak  is  at 
about  -20  °C  and  a  relatively  sharp  loss  peak  at  60  °C.  We 
believe  that  the  sharp  peak  seen  in  the  dielectric  loss  is  as¬ 
sociated  with  the  F-P  transition,  which  is  not  detected  in  the 
mechanical  loss  data  and  is  also  different  from  the  high  tem¬ 
perature  broad  relaxation  seen  in  the  mechanical  loss  data. 


HCU 


j.  Hppi.  nays.,  vOi.  o/,  isc.  I.  i  January  4uuu 


Bharti  et  ai. 


For  irradiated  films,  the  observed  low  temperature  me¬ 
chanical  loss  peak  is  mainly  due  to  the  glass  transition  in  the 
polymer  while  the  dielectric  loss  peak  seems  to  be  dominated 
by  the  frozen  process  of  the  polar  regions,  which  diminishes 
in  size  as  the  dose  increases  (or  the  crystallinity  decreases). 
The  contribution  of  the  glass  transition  to  the  dielectric  loss 
is  much  weaker  compared  to  the  frozen  process  of  the  polar 
regions.  On  the  other  hand,  the  frozen  process  of  the  polar 
regions  does  not  have  a  marked  effect  on  the  elastic  proper¬ 
ties,  which  is  analogous  to  the  DSC  results. 

The  high  temperature  mechanical  loss  peak  (at  >30  °C) 
does  not  show  much  increase  for  both  stretched  and  un¬ 
stretched  films  at  doses  of  40  and  60  Mrad  [Fig.  9(b)  and 
10(b)]  compared  with  unirradiated  films.  A  large  increase  of 
loss  peak  is  seen  for  films  irradiated  at  80  and  100  Mrad.  In 
contrast,  the  dielectric  loss  peak  for  this  relaxation  is  very 
weak.  These  results  suggest  that  the  relaxation  process  asso¬ 
ciated  with  this  peak  (nr)  is  mainly  due  to  the  motions  involv¬ 
ing  large  chain  segments.  Therefore,  at  high  doses  with  in¬ 
creased  crosslinking  density  and  diminishing  crystallinity,  a 
strong  mechanical  relaxation  will  occur  resulting  in  a  drop  of 
the  elastic  modulus  with  a  temperature,  as  observed  near 
40  °C  for  unstretched  films  irradiated  with  80  Mrad  dose,  and 
stretched  films  irradiated  with  80  and  100  Mrad  doses,  and 
corresponding  strong  mechanical  loss  peaks. 


IV.  SUMMARY 

The  experimental  results  presented  can  be  summarized 
as  the  following: 

(1)  The  high-energy  electron  irradiation  converts  the  po¬ 
larization  loop  of  the  copolymer  studied  from  the  one  with 
large  hysteresis  to  a  slim  loop.  The  dielectric  dispersion  in 
the  irradiated  samples  can  be  described  well  by  the  V-F  law 
for  both  stretched  and  unstretched  samples. 

(2)  Although  in  unirradiated  samples,  the  polarization 
level  and  dielectric  constant  can  be  substantially  increased 
by  stretching  but  for  irradiated  films  at  doses  above  40  Mrad, 
the  induced  polarization  level  does  not  show  a  large  differ¬ 
ence  between  stretched  and  unstretched  films. 

(3)  In  both  stretched  and  unstretched  samples,  the  de¬ 
pendence  of  the  induced  polarization  P  on  crystallinity  vc 
can  be  described  quite  well  by  the  logarithmic  law  of  two 
component  composites,  indicating  that  the  morphology  of 
the  irradiated  copolymer  consists  of  micropolar  regions  em¬ 
bedded  in  an  amorphous  matrix.  The  results  also  indicate 
that  because  of  the  high  ratio  of  API  Avc  at  the  low  dose 
region,  an  increase  in  the  crystallinity  will  result  in  a  large 
increase  in  P. 

(4)  Although  the  irradiation  nearly  eliminates  the  en¬ 
hanced  polarization  and  dielectric  response  induced  by 
stretching,  the  elastic  modulus  of  stretched  films  remains 
higher  compared  with  unstretched  ones  after  the  irradiation 
(at  least  for  doses  below  80  Mrad.  indicating  the  difference 
in  the  molecular  segment  motions  to  the  mechanical  and 
electric  responses.  Similar  differences  between  the  electric 
and  mechanical  responses  are  also  observed  for  the  molecu¬ 
lar  relaxation  processes  in  the  copolymer. 


(5)  For  unirradiated  films,  stretching  improves  the  crys¬ 
talline  ordering  while  reduces  the  ferroelectric  ordering  as 
suggested  by  the  DSC  and  x-ray  data. 

(6)  Stretching  can  have  a  marked  effect  in  reducing  the 
crosslinking  rate  in  the  irradiation  process  and  correspond¬ 
ingly,  the  crosslinking  density  of  stretched  samples  is  lower 
than  that  of  unstretched  samples.  On  the  other  hand,  the  crys¬ 
tallinity  of  stretched  samples  is  nearly  the  same  as  that  of 
unstretched  films  at  the  same  irradiation  dose.  The  reduction 
of  crystallinity  with  irradiation  does  not  have  a  direct  link  to 
the  crosslinking  process. 

Therefore,  during  irradiation  the  changes  in  the  structure 
and  phase  transition  properties  are  mainly  controlled  by  the 
two  processes:  one  is  the  introduction  of  polarization  defects 
which  is  responsible  for  the  conversion  from  a  normal  ferro¬ 
electric  to  a  relaxor  ferroelectric  phase  and  the  other  is  the 
amorphization  of  the  copolymer,  which  reduces  the  overall 
polar  responses  in  the  material.  How  to  reduce  the  rate  of  the 
second  process  is  crucial  in  order  to  further  improve  the  elec¬ 
tromechanical  responses  in  the  copolymer. 
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Transverse  strain  responses  in  the  electrostrictive  poly(vinylidene 
fluoride-trifluorethylene)  copolymer 
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A  large  transverse  electrostrictive  strain  S\  with  a  high  elastic  strain  energy  density  is  observed 
along  the  drawing  direction  in  the  stretched  poly(vinylidene  fluoride-trifluorethylene)  copolymer 
film  under  a  proper  electron  irradiation  treatment  condition,  which  results  in  a  ratio  of  |S[  /S3|  larger 
than  1  where  53  is  the  longitudinal  strain.  In  contrast,  unstretched  films  generate  a  relatively  small 
transverse  strain  with  a  small  ratio  of  |Sj  /S3|  (—0.25).  Hence,  in  this  copolymer  system,  the  ratio 
of  |Sj  /S3|  can  be  varied  over  a  broad  range.  In  addition,  a  large  volume  strain,  which  amounts  to 
about  half  of  the  longitudinal  strain,  is  observed  in  the  films  investigated.  ©  1999  American 
Institute  of  Physics.  [S0003-695 1(99)035 13-5] 


Electroactive  polymers  with  high  strain  response  and 
high  elastic  energy  density  are  very  attractive  for  actuator 
and  transducer  technologies  because  of  their  mechanical 
flexibility,  conformability,  shock  resistance,  and  low  acoustic 
impedance.1  Depending  on  application,  either  the  longitudi¬ 
nal,  or  transverse  strains,  parallel  to  and  perpendicular  to  the 
applied  electric  field,  or  both  (volume  strain)  are  utilized.  In 
many  applications,  it  is  also  highly  desirable  that  a  material 
can  produce  a  high  strain  anisotropy,  for  example,  a  large 
longitudinal  strain  and  a  weak  transverse  strain  response. 
This  can  be  made  use  of  to  reduce  the  unwanted  mechanical 
coupling  or  interference  between  different  directions  and  to 
improve  device  reliability.  Recently,  we  reported  the  finding 
that  in  the  modified  poly(vinylidene  fluoride- 
trifluorethylene)  (PVDF-TrFE)  copolymer,  a  large  longitu¬ 
dinal  electrostrictive  strain  (S3)  can  be  achieved.2,3  In  this 
letter,  we  present  the  observation  of  large  transverse  strain 
responses  (Sf)  with  an  elastic  energy  density  higher  than 
that  from  S3  in  this  class  of  electrostrictive  polymer. 

The  strain  responses  of  the  P(VDF-TrFE)  copolymer  at 
compositions  of  50/50,  65/35,  and  72/28  mol  %  were  evalu¬ 
ated  initially  in  this  investigation.  It  was  found  that  among 
them  the  copolymer  65/35  generated  the  highest  transverse 
strain,  and  subsequently,  a  more  detailed  measurement  was 
carried  out  on  this  composition  on  the  ratio  of  \S}  /S3|,  vol¬ 
ume  strain,  and  other  related  properties.  The  results  of  this 
study  will  be  reported  in  this  letter. 

The  copolymers  were  from  Solvay  &  Cie  of  Belgium. 
Thin  films  (about  20  jxm  thick)  were  made  using  the  solvent 
(DMF)  cast  method.  Two  types  of  films  were  used  in  the 
investigation,  unstretched  and  stretched  films.  Unstretched 
films  were  directly  annealed  at  140  °C  in  a  vacuum  for  12  h 
after  cast  to  remove  residual  solvent  and  improve  the  crys¬ 
tallinity.  After  annealing,  the  polarization  hysteresis  loop 
was  measured,  which  has  a  remanent  polarization,  71 
mC/m2.  The  stretched  films  were  prepared  by  uniaxially 
stretching  the  film  at  a  temperature  between  25  and  50  °C 
with  a  stretching  ratio  of  five  times.  The  films  were  annealed 
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afterwards  at  140°C  in  a  vacuum  for  12  h.  For  the  stretched 
films,  the  measured  remanent  polarization  is  117.6  mC/m2. 
The  electron  irradiation  was  carried  out  at  N2  atmosphere  at 
temperatures  ranging  from  room  temperature  to  120  °C  with 
3  MeV  energy-level  electrons.  Au  electrodes  were  sputtered 
on  both  surfaces  of  the  film.  The  dielectric  constant  and  elas¬ 
tic  modulus  were  measured  using  a  dielectric  analyzer  and  a 
dynamic  mechanical  analyzer  (TA  Instrument,  DEA2870 
and  DMA  2980),  respectively.  The  transverse  strain  was 
characterized  using  a  cantilever-based  dilatometer  and  the 
longitudinal  strain  was  measured  by  a  piezoelectric  bimorph- 
based  dilatometer.4,5  The  frequency  for  the  strain  measure¬ 
ment  is  from  1  to  10  Hz  and  all  the  strain  measurements  were 
taken  at  room  temperature. 

Shown  in  Fig.  1  are  the  transverse  and  longitudinal 
strains  of  two  unstretched  films,  one  irradiated  with  a  140 
Mrad  dose  at  room  temperature  and  the  other  with  a  60  Mrad 
dose  at  120  °C.  The  data  in  Fig.  1  are  plotted  as  the  ampli- 


FIG.  1.  The  amplitude  of  electrostrictive  longitudinal  (S3)  and  transverse 
strain  (S  j)  as  a  function  of  the  amplitude  of  the  applied  field.  The  films  were 
irradiated  at  room  temperature  with  a  140  Mrad  dose  (a)  and  at  120  °C  with 
a  60  Mrad  dose  (b),  respectively.  The  data  points  are  shown  in  the  figure  and 
the  solid  curves  are  drawn  to  guide  the  eyes. 
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Electric  Field  Amplitude  (MV/m) 

FIG.  2.  The  amplitude  of  transverse  eiectrostrictive  strain  for  stretched  films 
measured  along  the  drawing  direction  as  a  function  of  the  amplitude  of  the 
applied  field.  The  irradiation  conditions  are  shown  in  the  figure  and  the  solid 
lines  are  drawn  to  guide  the  eyes. 

tude  of  induced  strain  versus  the  amplitude  of  applied  field. 
It  should  be  mentioned  that  the  film  irradiated  at  120  °C  with 
the  60  Mrad  dose  shows  the  highest  longitudinal  strain 
among  the  films  investigated  when  the  applied  field  is  100 
MV/m  or  lower.3  One  interesting  feature  of  Fig.  1  is  that  in 
spite  of  a  large  difference  in  the  strain  levels  between  the  two 
films,  the  ratio  of  |S,  /S3|  is  nearly  the  same  for  both  films 
(at  0.25).  For  most  of  the  unstretched  films  examined,  this 
ratio  is  in  the  range  from  0.25  to  0.33,  which  is  smaller  than 
those  in  the  conventional  piezoceramics  where  the  ratio  is  at 
about  0.4  or  higher.6  For  P(VDF-TrFE),  it  is  known  that  a 
change  in  polarization  will  result  in  a  strain  along  the  poly¬ 
mer  chain  direction  in  the  opposite  sign  to  that  perpendicular 
to  the  chain  direction.  It  is  this  cancellation  effect  of  these 
two  strains  that  produces  a  small  transverse  strain  in  the  un¬ 
stretched  films.  From  the  data  in  Fig.  1(b),  the  volume  strain 
can  be  determined:  Sv  =  ~  1.5%  under  a  field  of  100  MV/m, 
which  is  about  half  of  the  longitudinal  strain.  The  eiectros¬ 
trictive  coefficients  Q  (Sj=QnP2,  where  P  is  the  polariza¬ 
tion,  Sj  is  the  strain,  and  i—  1,3)  for  the  same  film  is  also 
determined:  <233= —  12m4/C2,  £?n=  3  m4/C2,  and  Qh 

=  —  6  m4/C2,  where  Qh  (  =  233+ 2  Q 13)  is  the  hydrostatic 
eiectrostrictive  coefficient. 

In  contrast  to  the  results  in  Fig.  1,  the  stretched  films 
exhibit  a  much  higher  transverse  strain  response  when  mea¬ 
sured  along  the  stretching  direction,  and  the  results  are  pre¬ 
sented  in  Fig.  2  where  the  data  is  presented  as  the  amplitude 
of  induced  strain  versus  the  amplitude  of  applied  field.  At 
100  MV/m  driving  field,  the  transverse  strain  S\  can  reach 
2.7%  for  films  irradiated  at  95  °C  with  the  60  Mrad  dose.  At 
higher  dosages,  the  strain  is  reduced,  while  at  lower  dosages, 
strain  hysteresis  was  observed.  The  comparison  between  S3 
and  S\  is  made  in  Fig.  3,  and  for  the  two  films  shown  in  Fig. 
3  the  ratio  of  \SX  /S3\  is  1.03  for  the  film  irradiated  at  95  °C 
with  60  Mrad  and  0.8  for  the  film  irradiated  at  77  °C  with  80 
Mrad.  Hence,  the  stretched  films  can  have  a  transverse  strain, 
the  magnitude  of  which  approaches  that  of  the  longitudinal 
strain.  It  is  well  known  that  uniaxial  stretching  of  P(VDF- 
TrFE)  copolymer  films  aligns  the  polymer  chains  along  the 
drawing  direction,  which  enhances  the  strain  response  in  that 
direction.7  The  eiectrostrictive  coefficients  for  the  film  irra¬ 
diated  at  95  °C  with  60  Mrad,  which  exhibits  the  highest 
transverse  strain  among  the  films  examined  (under  a  field  of 


Electric  Field  (MV/m) 

FIG.  3.  Comparison  between  the  transverse  strain  along  the  stretching  di¬ 
rection  (S j  shown  as  crosses)  and  the  longitudinal  strain  (S3  shown  as  the 
diamond)  for  the  stretched  films.  The  solid  curves  are  drawn  to  guide  the 
eyes. 

100  MV/m  or  lower),  are  evaluated:  <233“  “4.8  m4/C2  and 
Q13=  4.9  m4/C2. 

To  determine  the  elastic  energy  density,  which  is  an  im¬ 
portant  parameter  for  many  actuator  and  transducer  applica¬ 
tions,  the  elastic  modulus  of  these  films  was  measured.  The 
data  for  the  unstretched  film  irradiated  at  120  °C  with  the  60 
Mrad  dose  and  for  the  stretched  film  irradiated  at  95  °C  with 
60  Mrad  along  the  drawing  direction  are  presented  in  Fig.  4. 
Clearly,  the  elastic  modulus  Y  for  the  stretched  film  along  the 
drawing  direction  is  much  higher  than  that  of  the  unstretched 
film.  At  room  temperature  (20  °C),  the  stretched  film  has  a 
modulus  of  1 .3  GPa,  while  the  modulus  for  the  unstretched 
film  is  0.4  GPa.  Based  on  these  numbers,  the  elastic  energy 
density  of  the  two  films,  along  with  other  data  obtained  here, 
are  listed  in  Table  I,  where  YSjll  is  the  volumetric  energy 
density  (related  to  the  device  volume)  and  YSjl2p  is  the 
gravimetric  energy  density  (related  to  device  weight),  p  is 
the  density,  and  5,  is  the  strain  level  under  100  MV/m  ap¬ 
plied  field  along  either  the  thickness  (/=  3)  or  drawing  di¬ 
rection  (f  =  1).  Apparently,  these  strain  levels  and  energy 
densities  are  improved  markedly  compared  with  the  conven¬ 
tional  piezoceramic  and  magnetostrictive  materials  and  are 


FIG.  4.  The  elastic  modulus  as  a  function  of  temperature  for  the  stretched 
(irradiated  at  95  °C  with  60  Mrad)  and  the  unstretched  (irradiated  at  120  °C 
with  60  Mrad)  films.  The  dots  and  solid  lines  are  the  data  measured  at  1  and 
10  Hz,  respectively. 
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TABLE  I.  Summary  of  the  electrostrictive  properties  of  the  65/35  copoly¬ 
mer.  The  data  were  measured  at  a  field  of  100  MV/m. 


S3(%)  5,(%)  Sv(%) 

Y 

YSj/2 

(J/cm3) 

YS]l2p 

(J/kg) 

Unstretched  and  irradiated 
at  120  °C  with  60  Mrad1 

-3.1 

T 

oo 

o 

0.4 

0.19 

95 

Stretched  and  irradiated  at 
95  °C  with  60  Mrad" 

-2.6 

2.7 

1.3 

0.47 

237 

The  energy  density  is  calculated  for  the  longitudinal  strain  S3. 

'The  energy  density  is  calculated  for  the  transverse  strain  along  the  drawing 
direction  S  x . 


several  orders  of  magnitude  better  than  those  of  the  conven¬ 
tional  P(VDF-TrFE)  piezopolymers.2,8,9  In  addition,  because 
of  the  high  elastic  modulus  along  the  drawing  direction,  the 
elastic  energy  density  is  much  higher  along  that  direction 
compared  with  that  along  the  thickness  direction.  It  should 
also  be  pointed  out  that  although  the  films  reported  here 
show  a  high  value  of  strain  and  strain  energy  density  under  a 
filed  of  100  MV/m  and  a  high  ratio  of  induced  strain/applied 
field,  they  are  not  the  ones  which  generate  the  highest  strain 
level  and  strain  energy  density  under  higher  fields  (>150 
MV/m).  In  other  words,  the  films  capable  of  generating  the 
highest  strain  are  not  the  ones  yielding  the  highest  ratio  of 
strain/applied  field. 

In  our  earlier  publication,  it  has  been  shown  that  the 
irradiation  transforms  the  polymer  from  a  normal  ferroelec¬ 
tric  into  a  relaxor  ferroelectric,  which  has  a  microscopic 
structure  consisting  of  local  polar  regions  (all  transbonds) 
embedded  in  a  nonpolar  matrix.2  The  strain  and  polarization 
response  can  be  from  the  expansion  and  contraction  of  these 
regions  (similar  to  the  transformation  between  a  ferroelectric 
and  paraelectric  phase),  from  the  reorientation  of  these  re¬ 
gions,  and  from  the  pure  dielectric  response.10  In  addition, 
for  polymers,  the  Maxwell  stress  effect,  which  is  the  defor¬ 
mation  due  to  the  electrostatic  force,  may  also  be 
significant.10,11  For  the  unstretched  film  irradiated  at  120  °C 
with  60  Mrad,  the  longitudinal  strain  due  to  the  Maxwell 
stress  effect  is  below  1%  at  100  MV/m,  which  is  much  be¬ 
low  the  measured  strain  of  -3.1%  at  this  field.  For  the 
stretched  films,  the  large  strain  and  high  elastic  modulus 
along  the  stretching  direction  also  rule  out  a  large  contribu¬ 
tion  from  the  Maxwell  stress  effect. 

It  is  interesting  to  compare  the  results  obtained  here  with 
the  lattice  strains  in  the  crystalline  region  related  to  the  para- 
to- ferro-electric-phase  transition.  For  the  P(VDF-TrFE) 


65/35  copolymer,  it  has  been  shown  that  the  averaged  strain 
perpendicular  to  the  chain  direction  is  about  —8%  and  along 
the  molecular  chain  is  about  10%  when  transformed  from  the 
high-temperature  paraelectric  to  low-temperature  ferroelec¬ 
tric  phase,  which  results  in  a  volume  strain  of  about  -6%.7,12 
Apparently,  the  strain  obtained  here  is  much  lower  than  these 
values,  which  is  partly  due  to  the  fact  that  the  material  has  a 
semicrystalline  morphology  and  the  crystallinity  of  the  films 
at  the  doses  used  here  is  below  50  vol  %.  In  addition,  the 
orientation  of  the  local  polar  regions  in  the  films  is  also 
spread  out  over  a  broad  direction,  which  may  reduce  the 
averaged  strain  response  and  favor  the  reorientation  of  the 
polar  regions  under  applied  fields.  For  the  reorientation  of 
local  polar  regions  in  a  nonpolar  matrix,  it  will  not  generate 
much  volume  strain  on  the  average.13  Hence,  the  relatively 
large  value  of  Sv  observed  in  unstretched  films  indicates  that 
the  expansion  and  contraction  of  local  polar  regions  (local 
transformation  between  polar  and  nonpolar  phases)  makes  a 
significant  contribution  to  the  polarization  and  strain  re¬ 
sponse.  Interestingly,  for  stretched  films,  we  also  observed  a 
volume  strain  which  is  about  half  of  the  longitudinal  strain. 
On  the  other  hand,  the  ratio  of  Sy/S3~  0.5,  which  is  below 
the  single-crystal  value,  may  suggest  that  the  reorientation  of 
the  local  polar  regions  also  contributes  to  the  polarization 
and  strain  responses  significantly. 
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A  dilatometer  based  on  the  cantilever  beam  concept  has  been  developed.  The  dilatometer  is  easy  to 
use  and  capable  of  measuring  transverse  strain  response  of  soft  polymer  films  in  a  broad  strain  range 
(from  10" 7  to  10-1)  without  mechanical  constraining  of  the  sample.  It  is  capable  of  detecting  strain 
over  a  relatively  wide  frequency  range  from  mHz  to  above  100  Hz  under  different  load  and 
temperature.  Using  the  setup,  the  electric  field  induced  transverse  strains  of  the  electrostrictive 
poly(vinvlidene  fluoride-trifluoroethylene)  copolymer  films  were  characterized  which  shows  that  a 
large  transverse  strain  can  be  achieved  in  this  class  of  polymer.  In  addition,  the  effect  of  mechanical 
tensile  load  on  the  transverse  strain  was  also  evaluated  and  the  results  show  that  the  strain  response 
will  be  affected  by  the  load.  However,  depending  on  the  load  level,  the  strain  response  of  the 
polvmer  film  under  a  given  electric  field  may  increase  or  decrease  with  load.  Based  on  the 
phenomenological  theory,  it  is  shown  that  for  a  ferroelectric  based  material,  the  mechanical  load 
will  shift  the  Curie  temperature.  Hence,  to  a  large  extent,  the  change  of  the  strain  response  with  load 
observed  here  can  be  understood  by  linking  it  to  the  strain  change  with  temperature.  ©  799 
American  Institute  of  Physics.  [S0021  -897.9(99)0071 6-1] 


1.  INTRODUCTION 

Recendy.  it  was  found  that  a  very  large  longitudinal 
electrostrictive  strain  (more  than  4.5%)  can  be  achieved  in 
poly(vinylidene  fluoride-trifluoroethylene)  [P(VDF-TrFE)] 
copolymers  under  a  proper  electron  irradiation  treatment.  ~ 
Further  more,  because  of  the  relatively  high  elastic  modulus, 
the  polymer  also  exhibits  a  high  elastic  energy’  density'  which 
is  crucial  for  many  electromechanical  actuator  and  trans¬ 
ducer  applications.  These  features  represent  a  significant  im¬ 
provement  in  the  electromechanical  performance  of  this  new 
material  over  the  conventional  electroactive  ceramics  and 
polymers. 

For  electromechanical  applications/  in  addition  to  the 
longitudinal  response,  the  transverse  response  is  also  of  great 
importance.  In  many  devices  operated  in  the  longitudinal 
mode,  a  weak  transverse  strain  response  is  desired  which  can 
reduce  the  mode  coupling  between  the  thickness  direction 
and  lateral  directions  for  a  thickness  resonator  or  improve  the 
device  reliability.  On  the  other  hand,  transverse  strain  re¬ 
sponses  are  utilized  in  many  areas  and  because  the  applied 
electric  field  is  perpendicular  to  the  strain  direction,  it  offers 
a  convenient  means  in  generating  actuation  over  large  dis¬ 
tances  without  the  need  to  raise  the  driving  voltage. 

In  this  article,  we  report  the  measurement  of  transverse 
strain  response  in  the  newly  developed  electrostrictive 
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P(VDF-TrFE)  copolymers.  In  order  to  characterize  the  strain 
response  to  high  fields  (~  50  MV/m)  without  application  of 
high  voltages,  thin  polymer  films  of  thickness  about  20  /xm 
were  used.  One  of  the  challenges  in  characterizing  trans'  erse 
strain  response  in  thin  polymer  films  is  to  measure  the  strain 
response  in  free-standing  form  over  a  broad  range  without 
introducing  constraints. 

In  general,  the  strain  measurement  techniques  can  be 
grouped  into  two  categories:  contact  methods  and  noncontact 
methods  4  The  contact  methods  such  as  strain  gauge  and  lin¬ 
ear  variable  differential  transformer  (LVDT)  which  are  used 
for  transverse  strain  measurement  in  inorganic  materials  will 
impose  severe  constraints  on  polymer  films  due  to  lev  elas¬ 
tic  modulus  of  polymers  compared  with  inorganic  materials. 

For  the  noncontact  method,  although  in  principle  laser 
dilatometer  can  be  used  to  characterize  the  transverse  strain 
response  in  polymer  films,  to  reflect  the  laser  beam  mirrors 
are  needed  on  two  ends  of  the  film  which  is  a  very  difficult 
task.  In  addition,  the  sample  holding  is  another  challenge  for 
a  soft  polymer  film.5  Optical  microscope  offers  a  convenient 
means  to  characterize  the  transverse  strain  response.  How¬ 
ever,  its  resolution  is  limited  so  that  it  cannot  be  used  at  lov 
strain  response  region.  In  the  case  when  a  high  applied  elec 
trie  field  is  required,  and  hence,  the  polymer  film  is  1111 
mersed  in  insulation  oil  to  increase  the  breakdown  voltage- 
the  operation  of  an  optical  microscope  to  obtain  reliable-re 
suits  is  quite  difficult.  In  fact,  these  two  methods  have  beer 
tested  and  considered  for  transverse  strain  measurement  o 
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newly  developed  polymer  films  and  no  satisfactory  results 
can  be  obtained. 

From  both  the  application  and  fundamental  understand¬ 
ing  points  of  view,  the  electromechanical  properties  of  an 
electroactive  material  under  mechanical  loads  are  important 
parameters.  Thus,  in  developing  a  new  technique  or  setup  for 
characterizing  the  electromechanical  behavior  of  materials, 
the  capability  of  the  setup  working  when  the  material  is  un¬ 
der  mechanical  loads  should  be  an  important  concern. 

In  this  article,  we  will  first  discuss  the  development  of  a 
new  setup  which  is  simple,  convenient  to  use,  versatile,  and 
capable  of  measuring  transverse  strain  response  of  polymer 
films  over  a  broad  strain  range.  The  performance  of  setup 
was  evaluated  using  the  electric  field  induced  transverse 
strains  of  both  piezoelectric  and  electrostrictive  polymeric 
films  and  the  results  show  that  the  setup  is  capable  of  char¬ 
acterizing  transverse  strain  responses  of  polymer  films  with  a 
high  sensitivity  over  a  relatively  wide  frequency  range  (from 
near  static  to  above  100  Hz).  The  electric  field  induced  trans¬ 
verse  strains  of  electron  irradiated  (PVDF-TrFE)  65/35 
mol  rc  copolymer  films  under  different  load  conditions  are 
also  presented,  which  illustrates  that  for  ferroelectric  based 
electroactive  materials,  the  main  effect  of  external  mechani¬ 
cal  loads  on  the  electromechanical  responses  can  be  under¬ 
stood  from  the  shift  of  the  ferroelectric-paraelectric  transition 
temperature  caused  by  the  loads. 

II.  DILATOMETER  FOR  TRANSVERSE  STRAIN 
MEASUREMENT  IN  POLYMER  FILMS 

Tne  setup  developed  for  characterizing  transverse  strain 
response  of  polymer  films  is  shown  schematically  in  Fig. 

1  (a;.  The  key  pan  of  the  semp  is  a  plastic  cantilever  which 
holds  the  polymer  film  to  be  measured  under  a  slight  tension 
as  shown  in  Fig.  1(b).  As  seen  from  the  figure,  the  polymer 
film  to  be  tested  has  one  end  clamped  at  a  solid  base  (fixed) 
and  the  other  end  attached  to  the  free  end  of  the  plastic 
cantilever  which  is  fixed  at  a  solid  base.  When  the  polymer 
film  is  subjected  to  an  electric  field,  its  expansion  and  con¬ 
traction  cause  the  free  end  of  the  plastic  cantilever  to  move 
which  can  be  detected  using  optical  technique.  In  the  current 
setup,  a  photonic  sensor  (Model  2000,  MTI  Instruments)  is 
employed.  However,  if  needed,  a  laser  dilatometer  can  be 
used  here  to  probe  the  movement  of  the  free  end  of  the 
cantilever  which  will  yield  a  great  sensitivity.  This  is  one  of 
the  advantages  of  this  setup,  that  is.  the  displacement  probe 
and  mechanical  holding  part  are  two  separate  units  and  can 
be  changed  separately  without  affecting  the  other  part. 

Tne  photonic  sensor  with  the  optic  probe  (MTI  2032R) 
has  two  sensitivity  ranges:  the  sensitivity  for  range  1  is  0.019 
Mnv'mV  and  for  range  2  is  0.137  /xm/mV.  All  the  measure¬ 
ments  were  conducted  at  ac  mode.  The  output  signal  of  the 
photonic  sensor  was  measured/recorded  through  a  lock-in 
amplifier  (SRS  Model  SR  830  DSP)  at  small  strain  region 
and/or  a  digital  oscilloscope  (LeCroy  9310A)  at  high  strain 
region  of  polymer  films.  The  output  signal  noise  of  the  pho¬ 
bic  sensor,  whose  working  frequency  is  from  dc  to  100 

is  about  lOmV^.^.  The  working  frequency  of  the 
tack-in  amplifier  is  from  0.005  Hz  to  100  kHz.  The  lock-in 


FIG.  1.  Schematic  of  the  setup  ta-  where  the  stable  stage  can  move  alom 
x-y-z  directions  as  well  as  rotate  about  the  x  axis.  The  displacement  o 
cantilever’s  free  end  fb).  In  the  experiment.  £0  and  <?(£)  are  much  smallei 
than  /.  the  length  of  the  cantilever 


amplifier  has  a  dynamic  reserve  greater  than  100  dB  which 
makes  it  possible  to  measure  a  signal  of  a  few  /xW  in  a  1C 
mV  noise  background. 

We  now  proceed  to  describe  the  details  of  the  semp.  The 
symbols  used  are  summarized  here.  For  the  polymer  film 
under  test,  L  is  the  length,  r  is  the  thickness,  A  is  the  cross 
section  area,  and  Es  is  the  elastic  modulus  in  the  transverse 
direction.  The  typical  values  of  r.  A,  and  L  are  about  20  /xm, 
6X 10" 2  mm2,  and  12-15  mm,  respectively.  For  the  plastic 
cantilever,  /  is  the  length,  h  is  the  thickness,  b  is  the  lateral 
width,  and  Ec  is  the  elastic  modulus.  For  the  data  presented 
in  this  section,  the  values  of  b ,  h,  and  /  are  about  6.  0.8,  and 
80  mm,  respectively.  The  typical  value  of  S0 ,  which  is  the 
static  displacement  of  cantilever’s  free  end  from  its  equilib¬ 
rium  position  as  shown  in  Fig.  1(b),  is  2  mm.  The  elastic 
modulus  of  the  plastic  cantilever  used  is  about  5  GPa.  For 
the  plastic  cantilever  with  one  end  firmly  fixed,  the  deflection 
S0  at  the  free  end  will  generate  a  static  force  (F)  which  are 
related  to  each  other  as' 

1  F/3 


where  /  (in  m4)  is  the  inertia  moment  of  the  cantilever. 


Because  the  polymer  film  is  directly  attached  to  the  free  end 
of  the  cantilever,  this  force  will  act  as  a  static  tensile  load  to 
the  polymer  film.  Apparently,  Eq.  (3)  shows  that  by  adjust¬ 
ing  <50,  A,  and  other  parameters  of  the  cantilever,  the  me¬ 
chanical  load  can  be  varied  over  a  wide  range.  This  is  an¬ 
other  advantage  of  this  setup. 

As  the  polymer  film  is  subjected  to  an  ac  electric  field, 
its  expansion  and  contraction  will  induce  a  corresponding  ac 
motion  in  the  free  end  of  the  cantilever  as  shown  by  the 
dashed  lines  in  Fig.  1(b).  As  long  as  this  displacement  8{E) 
is  in  the  range  “<50-r  5(E)  >0,”  the  strain  response  of  the 
film  can  be  measured.  For  the  piezoelectric  PVDF  and  elec- 
trostrictive  P(VDF-TrFE)  copolymer  films  studied  here. 
8(E)  is  in  the  range  from  0  to  -0.4  mm.  As  the  polymer 
film  extends  or  contracts  under  applied  fields,  the  free  end  of 
the  cantilever  will  move  as 

L  Ecbh 3 

6(E)  =  -L[d]3E+MnE2l~  jg-  -fp- 8(E).  (4) 

where  E  is  the  applied  electric  field  (along  the  thickness 
direction,  three-direction),  dnE  describes  the  piezoelectric 
effect,  and  M  I3E2  the  electrostrictive  effect  in  the  poivmer 
film,  respectively.3  The  last  term  in  Eq.  (4)  is  due  to  the 
dynamic  load  from  the  cantilever  since  a  change  in  8  will 
cause  change  in  the  force  level  at  the  free  end  of  the  canti¬ 
lever  as  shown  in  Eq.  (3).  In  fact,  this  term  can  be  made  use 
of  to  evaluate  the  change  of  the  elastic  modulus  of  the  poly¬ 
mer  film  with  external  load.  The  measured  transverse  strain 
response  of  the  polymer  film  is 


5(£)  = 


-S(E})  dtfE  +  Xf  13£2 


S0L  Ecbh3  L 
4  P  XFS' 


where.  A>0,  50  is  the  static  strain  of  the  sample  correspond¬ 
ing  to  the  static  load  originated  from  the  static  displacement 
( 80)  of  cantilever’s  free  end.  In  the  current  setup,  A  is  much 
smaller  than  1  (on  the  order  of  0.001)  and  hence,  the  strain 
response  can  be  linked  direcdv  to  the  piezoelectric  and  elec- 
trostrictive  coefficients  of  the  polymer  evaluated,  i.e., 

5(E,W3IE+A*13E2.  (6) 


Equation  (6)  expresses  the  transverse  strain  response  under 
an  external  electric  field  E  for  a  film  under  a  constant  me¬ 
chanical  stress.  In  present  case,  the  constant  stress  on  the 
sample  originates  from  the  static  force  which  is  determined 
by  the  static  displacement  (50)  of  cantilever’s  free  end  as 


FIG.  2.  Transverse  strain  of  pure  PVDF  piezoelectric  film  under  different 
electric  fields  of  1  Hz  at  room  temperature. 


shown  in  Eq.  (3).  Since,  for  most  electroactive  materials, 
both  d[3  and  Af13  will  depend  on  the  stress  (load),9,10  the 
dilatometer  can  be  used  to  characterize  the  electromechanical 
properties  of  polymeric  films  under  different  load  conditions. 

In  the  case  of  a  sample  possessing  electrostrictive  and 
piezoelectric  activities,  it  is  hard  to  separate  the  contribution 
from  the  eiectrostrictive  and  piezoelectric  effects  using  an 
oscilloscope.  However,  one  can  still  use  a  lock-in  amplifier 
to  separate  and  identify  the  contribution  to  the  strain  re¬ 
sponse  from  the  electrostrictive  and  piezoelectric  effects,  re¬ 
spectively.  If  the  applied  electric  field  on  the  sample  is  a  sine 
wave,  the  first-harmonic  response  of  the  lock-in  amplifier  is 
corresponding  to  the  contribution  from  the  piezoelectric  ef¬ 
fect.  while  the  second  harmonic  response  of  the  lock-in  am¬ 
plifier  is  corresponding  to  the  contribution  from  the  electros- 
tricrive  effect. 

In  the  setup,  special  consideration  and  design  were  made 
so  that  the  film  under  test  can  be  immerged  in  an  oil  cham¬ 
ber,  which  serves  to  increase  the  breakdown  electric  field  so 
that  the  measurement  can  be  carried  out  to  high  fields.  Thus, 
the  temperature  of  the  sample  is  the  same  as  the  temperature 
of  the  oil.  Since  the  temperature  of  the  oil  can  be  easily 
changed,  the  setup  can  be  used  to  evaluate  the  transverse 
strain  responses  of  polymer  films  with  temperature.  During 
the  development  of  the  setup,  it  was  found  that  in  order  to 
reduce  the  error  in  the  measured  strain  response,  it  is  neces¬ 
sary  to  keep  the  film  flat.  Therefore,  a  stage  which  is  capable 
of  translating  the  cantilever  in  three  orthogonal  directions  as 
well  as  rotation  in  one  of  the  axes  is  used. 

The  setup  is  calibrated  using  a  commercial  piezoelectric 
PVDF  film  whose  dn  value  is  known.  As  shown  in  Fig.  2. 
the  strain  versus  applied  field  exhibits  a  linear  curve,  indicat¬ 
ing  the  response  is  piezoelectric  as  expected.  The  piezoelec¬ 
tric  coefficient  5I3  is  determined  through  the  electric  field 
strength  and  measured  transverse  strain.  The  results  are  con¬ 
sistent  with  the  value  from  the  manufacturer. 

The  displacement  sensitivity  was  also  evaluated  using 
the  newly  developed  electrostrictive  P(VDF-TrFE)  65/35 
mol  %  copolymer  and  the  results  are  presented  in  Fig.  3.  The 
data  were  obtained  at  1  Hz  applied  field  with  the  time  con- 
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FIG.  3.  Displacement  sensitivity  of  the  system  when  the  photonic  sensor  is 
in  the  range  one  and  two. 


stant  of  30  s  for  the  lock-in  amplifier.  For  the  range  1  of  the 
photonic  sensor,  the  lowest  measurable  displacement  is 
about  0. 1  nm.  while  for  the  range  2,  it  is  about  1  nm.  Con¬ 
sidering  a  fact  that  L«10mm,  the  results  indicate  that  the 
setup  is  capable  of  measuring  transverse  strain  to  10 
range.  On  the  other  hand,  the  photonic  sensor  used  here  can 
measure  displacement  up  to  0.7  mm  range  which  corre¬ 
sponds  to  a  strain  in  polymer  films  of  0.07.  However,  pho¬ 
tonic  sensors  with  the  upper  range  to  more  than  5  mm  is 
commercially  available.  Clearly,  the  separauon  of  the  sample 
holding  unit  and  displacement  sensing  unit  in  the  set  up  en¬ 
ables  us  to  characterize  the  strain  in  polymer  films  over  a 
very  wide  range.  In  addition,  the  linear  log-log  plot  of  the 
data  in  Fig.  3  implies  that  the  strain  response  of  the  polymer 
follows  S(E)  =  Ml3En  relation  (power  law)  and  slopes  yield 
„=  i  99  and  „  =  2.08,  respectively,  which  is  consistent  with 
the  longitudinal  strain  data  on  the  similar  films  measured  in 
the  low  field  range  « 10  MV/m)  and  shows  that  the  re¬ 
sponse  is  electrostrictive  («= 2).'  The  electrostrictive  coef¬ 
ficient  M] 3  calculated  from  the  data  in  Fig.  3  is 
X  10_l8m2/V:. 

The  operation  frequency  range  is  another  concern  when 
developing  a  strain  measurement  set  up.  At  the  low  fre¬ 
quency  end,  the  frequency  limit  depends  on  the  frequency 
range  of  a  lock-in  amplifier  and  the  strain  level  of  the 
sample.  The  limiting  frequency  for  the  former  is  0.005  Hz  m 
the  present  svstem.  And  the  later  is  caused  by  the  increased 
noise  of  the  environment  which  has  approximately  1  If  spec¬ 
trum  where  /  is  frequency.  On  the  high  frequency  end,  the 
operation  frequency  is  limited  by  the  resonance  frequency 
if.)  of  the  cantilever.  The  lowest  resonance  frequency  of  a 
cantilever  with  one  end  fixed  and  the  other  free  is  given  by 
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3  4  Frequency  dependence  of  the  electric  field  induced  transverse  strain 

a  PVDF  piezoelectric  film  and  (b)  P(VDF-TrFE)  electrostrictive  film 


h  [e~c 

/,  =  0.16154FV7 


(7a) 


while  the  lowest  resonance  frequency  of  a  cantilever  with 
two  ends  fixed  is  determined  by11 


h  fTc 

/;  =  i.0279FVy, 


(7b) 


where  p  (in  kg/m3)  is  the  density  of  the  plastic  probe  used. 
Since  in  our  setup,  one  end  of  the  cantilever  is  fixed  firmly  at 
a  base  and  another  end  is  not  totally  free  (attached  to  the 
polymer  film),  the  resonance  frequency  should  be  somehow 

in  between  the  / 1  and  / 1  of  Eq.  (7). 

Therefore,  as  the  polymer  film  is  driven  electrically  with 
increasing  frequency,  a  series  of  resonance  in  the  cantilever 
will  be  excited.  For  example,  the  frequency  response  data 
using  the  commercial  piezoelectric  PVDF  film  as  the  poly¬ 
mer  sample  attached  to  the  cantilever  probe  is  presented  in 
Fig.  4(a).  A  resonance  was  observed  at  a  frequency  of  the  ac 
driving  electric  field  at  about  170  Hz  for  a  cantilever  beam 
with  p=  1  47  X  103  kg/m3  and  Ec  =  5  GPa,  and  the  result  is  in 
accord  with  what  was  expected  from  Eq.  (7).  The  weak  fre¬ 
quency  dependence  of  the  piezoelectric  coefficient  at  fre¬ 
quencies  below  50  Hz  as  shown  in  Fig.  4(a)  is  consistent 


FIG.  5.  Electric  field  dependence  of  the  transverse  strain  measured  ar  room 
temperarure  for  stretched  65/35  mol  %  P(VDF-TrFE)  copolymer  films  under 
different  electron  irradiation  conditions. 


with  what  measured  in  a  thick  copolymer  sample  (mm  thick¬ 
ness)  of  P(VDF-TrFE)  75/25  mol  %  piezoelectric 
copolymer.5  With  the  same  probe,  the  frequency  dependence 
of  transverse  strain  response  of  a  newly  developed  electros- 
trictive  copolymer  film  under  a  field  of  35.7  MV/m  [P( VDF- 
TrFE)  50/50  mol  %  irradiated  at  95  °C  with  100  Mrad  dose] 
was  also  characterized.  As  shown  in  Fig.  4(b),  there  is  a 
resonance  at  a  frequency  near  90  Hz  of  the  ac  driving  electric 
field.  The  apparent  lowering  of  the  resonance  frequency  here 
is  caused  by  the  electrostrictive  response  of  the  polymer  film 
( S  =  ME 2)  which  generates  a  mechanical  motion  of  2/  fre¬ 
quency  when  the  driving  electric  field  has  a  frequency  /. 
Apparently,  at  below  50  Hz.  the  effect  of  the  resonance  to 
the  measured  data  is  negligible  here.  By  adjusting  the  dimen¬ 
sion  of  the  cantilever  probe,  one  can  raise  the  resonance 
frequency  to  above  500  Hz  which  makes  it  possible  to  char¬ 
acterize  the  transverse  strain  response  of  a  polymer  film  up  to 
more  than  100  Hz  if  needed. 

III.  TRANSVERSE  STRAIN  RESPONSE  OF 
IRRADIATED  P(VDF-TRFE)  65/35  COPOLYMER 

In  this  section,  the  change  of  the  transverse  strain  of 
stretched  films  (5X  stretching  ratio)  of  P(VDF-TrFE)  65/35 
copolymer  with  mechanical  load  was  evaluated.  Shown  in 
Fig.  5  is  the  transverse  strain  response  as  a  function  of  ap¬ 
plied  field  measured  at  room  temperature  for  films  with  dif¬ 
ferent  irradiation  conditions  under  load  free  condition. 
Clearly,  the  response  depends  strongly  on  the  irradiation 
condition. 

With  regard  to  electroactive  materials  for  electrome¬ 
chanical  applications,  although  the  electric  field  induced 
strain  response  at  load  free  condition  is  important  to  under¬ 
stand  and  to  characterize  the  materials  behavior,  the  material 
response  when  subjected  to  external  load  is  crucial  for  most 
of  the  device  applications.  Needless  to  say,  the  information  is 
also  valuable  from  a  basic  understanding  point  of  view. 
Here,  the  film  irradiated  at  95  °C  with  60  Mrad  dosage  is 
examined  under  different  mechanical  load  conditions,  since 
this  is  the  one  that  exhibits  the  best  transverse  strain  response 
at  load  free  condition  as  seen  from  Fig.  5.  In  order  to  vary 
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FIG.  6.  Load  effect  on  the  electric  field  induced  transverse  strain  response 
measured  at  room  temperature  with  applied  electric  field  of  1  Hz  for  65/35 
mol  ?o  P(VDF-TrFE)  copolymer  film  irradiated  at  95  °C  with  60  Mrad  dos¬ 
age  (a).  The  relation  between  the  strain  response  and  electric  field  for  films 
under  different  loads  (b).  The  relation  between  strain  response  and  static 
load  for  films  at  different  electric  field  strengths.  Symbols  in  figure  express 
the  measured  data,  while  solid  lines  in  figure  are  drawn  to  guide  eyes. 


the  mechanical  load  over  a  broad  range,  plastic  cantilever 
beams  with  thickness  from  0.8  to  4  mm  were  used.  The  Ec  of 
the  plastic  trips  is  from  2.5  to  6  GPa.  In  addition,  the  static 
displacement  ( 5$)  of  cantilever’s  free  end  was  varied  from  2 
to  6  mm.  Thus,  the  static  tensile  load  on  the  polymer  film  can 
change  from  nearly  zero  to  more  than  45  MPa. 

The  relation  between  the  electric  field  and  the  transverse 
strain  response  for  the  sample  under  different  static  tensions 
is  shown  in  Fig.  6(a).  The  static  tension  dependence  of  elec¬ 
tric  field  induced  strain  for  the  same  material  at  different 
external  electric  fields  is  shown  in  Fig.  6(b).  In  these  experi¬ 
ments,  the  load  (stress)  was  along  the  stretching  direction  of 
the  copolymer  film  and  the  transverse  strain  was  also  mea¬ 
sured  along  the  stretching  direction.  Although  the  strain  re¬ 
sponse  of  a  sample  at  the  same  electric  field  strongly  de¬ 
pends  on  the  static  tension,  it  is  found  that  the  strain  response 
for  the  sample  under  different  static  load  conditions  still  lin¬ 
early  depends  on  the  square  of  the  electric  field  strength. 
This  is  what  is  expected  from  the  electrostrictive  effect1,2 
However,  the  electrostrictive  coefficient  depends  strongly  on 
the  static  load. 

The  results  in  Fig.  6  indicate  that  for  a  given  field,  the 
transverse  strain  increases  with  load  initially  and  then  de¬ 
creases  with  the  load  after  reaching  the  maximum.  For  the 


polymer  studied  here,  the  electric  field  induced  strain  re¬ 
sponse  mainly  originates  from  the  phase  changes  from  a  non¬ 
polar  to  a  polar  phase  under  external  electric  field. 
Hence,  this  load  dependence  behavior  can  be  understood 
based  on  how  this  change  is  affected  by  the  load. 

Before  the  electron  irradiation,  the  copolymer  exhibits 
typical  first-order  phase  transition  from  para-  to  ferro-electric 
phase.1'14  However,  after  the  electron  irradiation,  the  physi¬ 
cal  properties  of  the  copolymer  are  very  similar  to  that  of 
relaxor  ferroelectrics.  For  example,  the  dielectric  constant 
maximum  temperature  (Tm)  and  dielectric  loss  maximum 
temperature  (O  are  strongly  dependent  on  the  frequency; 
and  at  the  same  frequency  Tm  is  higher  than  T'm . 1  These  are 
the  basic  features  of  dielectric  relation  phenomena  observed 
in  relaxor  ferroelectrics.16  In  addition,  it  was  found  that  the 
relation  between  Tm  and  frequency  for  these  copolymers  fol¬ 
lows  well  the  Vogel-Fulcher  law.1’16  The  Vogel-Fucher  law 
was  widely  used  in  relaxor  ferroelectrics  to  express  the  rela¬ 
tion  between  Tm  and  frequency.17  More  importantly,  it  was 
found  that  these  copolymers  exhibit  a  slim  polarization  hys¬ 
teresis  loop,  that  the  remanent  polarization  gradually  in¬ 
crease  with  decreasing  temperature,  and  that  the  ferroelectric 
state  can  be  observed  at  low  temperature.1-17  These  are  ex¬ 
actly  the  polarization  behaviors  observed  in  relaxor 
ferroelectrics.18  With  regard  to  the  ferroelectric  behavior  of 
the  relaxor  ferroelectrics,  it  is  found  that  the  depolarization 
temperature  (Td)  is  generally  lower  than  Tm  by  a  few  tens 
degrees.19  It  was  found  that  Td  for  the  copolymer  studied 
here  is  about  40-60°C  lower  than  Tm  .'6 

For  relaxor  ferroelectrics,  it  is  known  that  the  local  phase 
transition  temperature  (or  the  freezing  temperature  of  the  po¬ 
lar  rezion)  is  distributed  in  a  very  broad  range  and  that  the 
density  of  the  frozen  polar  regions  increases  with  decreasing 
temperature.18-19  In  addition,  the  volume  density  of  the  fro¬ 
zen  polar  regions  increases  with  external  electric  field,  which 
is  also  called  the  electric  field  induced  phase  transition.19 
That  is  why  the  large  electrostrictive  coefficient  was  ob¬ 
tained  in  relaxor  ferroelectrics.10  Therefore,  the  dielectric  be¬ 
havior  and  the  electric  field  induced  strain  response  strongly 
depends  on  the  temperature.  It  is  believed  that  the  density  of 
the  frozen  polar  region  is  relatively  higher  and  the  interaction 
between  the  frozen  polar  regions  is  still  not  high  at  tempera¬ 
tures  near  Tm . 19  However,  at  temperatures  lower  than  Td , 
most  of  the  polar  regions  are  frozen  and  the  interaction 
among  the  frozen  polar  regions  is  relatively  high.  Thus,  both 
T  and  Td  can  be  used  as  parameters  to  characterize  the 
average  phase  transition  temperature  of  local  transition  be¬ 
tween  para-  and  ferroelectric  phases.  For  the  material  studied 
here,  the  Tm  is  about  27  °C  at  30  Hz  as  measured  from  the 
dielectric  data.21  It  has  been  observed  that  for  the  relaxor 
ferroelectrics  under  a  relatively  high  driving  electric  field, 
the  induced  strain  increases  as  the  temperature  is  lowered 
towards  Td  .22  However,  as  the  temperature  is  lowered  fur¬ 
ther,  the  strain  response  will  decrease  due  to  increased  180 
domain  wall  motions  associated  with  the  macropolarization 
switching. 

Based  on  Devonshire  phenomenological  theory,  for  a 
ferroelectric  material  under  a  stress  Xt  and  with  a  polariza¬ 
tion  ( P3)  along  “3”  direction,  if  only  consider  the  contribu¬ 


tion  to  the  free  energy  of  the  system  from  the  electrostrictive 
effect  (first  order  approximate),23  the  shift  of  phase  transition 
temperature  with  stress  is 

Ar=2e0C(2i3^..  (8) 

where  Ar=rc(X,-)-Tc(0),  c0= 8.85X10" 12 F/m,  C  is  the 
Curie-Weiss  constant,  Qi2  is  the  electrostrictive  coefficients 
defined  as  Si=Qi2P\,  and  Tc  is  the  Curie  temperature.  Al¬ 
though  the  Eq.  (8)  is  written  for  a  single-crystal  normal  fer¬ 
roelectrics,  the  trend  should  be  the  same  also  for  the  relaxor 
ferroelectrics  considering  the  microstmcture  of  the  relaxor 
ferroelectrics.  For  relaxor  ferroelectrics,  the  stress  will  shift 
both  Tm  and  Td  and  the  direction  of  the  shifting  will  depend 
on  the  sign  of  Q,  the  electrostrictive  coefficient.  For  the 
polymer  investigated  here,  Q\2>0  and  the  applied  stress  is 
Xx  >0.  Thus,  Eq.  (8)  shows  that  d7> 0.  That  is,  both  Tm  and 
Td  of  the  sample  will  move  to  a  higher  temperature  with  the 
tensile  load. 

This  result  indicates  that  the  measured  strain  responses 
at  room  temperature  for  films  under  different  load  are,  to  a 
large  extent  equivalent  to  the  strain  responses  measured  at 
different  temperatures  under  stress  free  condition.  Since  Tm 
for  the  polymer  under  free  stress  condition  is  close  to  room 
temperature,  the  measured  strain  response  will  increase  with 
tensile  stress.  This  is  what  was  obtained  at  the  low  load 
range  as  shown  in  Fig.  6.  However,  as  the  load  increases 
further  which  moves  Td  to  higher  than  room  temperature,  the 
strain  response  will  decrease.  Below  T d ,  most  of  polar  re¬ 
gions  are  frozen  and  the  interaction  among  the  frozen  polar 
regions  is  very  high.  Thus,  the  contribution  to  the  electric 
field  induced  strain  from  the  para-  to  ferro-electric  phase 
transition  decreases.  This  is  why  the  electrostrictive  response 
decreases  with  load  in  the  high  load  region  as  shown  in  Fig. 
6. 

IV.  SUMMARY 

A  new  dilatometer  is  developed  for  characterizing  the 
electric  field  induced  transverse  strain  of  free-standing  poly¬ 
mer  films  under  different  load  conditions  and  at  different 
temperatures.  The  setup  is  easy  to  use,  can  be  operated  in  a 
broad  strain  range  with  high  sensitivity,  and  has  a  reasonable 
operation  frequency  range,  from  mHz  to  above  100  Hz.  Us¬ 
ing  the  dilatometer,  the  electric  field  induced  transverse 
strains  of  high  energy  electron  irradiated  P(VDF-TrFE)  films 
were  characterized.  It  was  found  that  a  high  transverse  strain 
response  can  be  achieved  in  this  class  of  material  which  de¬ 
pends  crucially  on  the  irradiation  condition.  It  was  also 
found  that  the  field  induced  strain  will  change  with  external 
load.  For  example,  for  P(VDF-TrFE)  65/35  mol  %  copoly¬ 
mer  irradiated  at  95  °C  with  60  Mrad  dosage,  the  transverse 
strain  measured  at  room  temperature  increases  with  tensile 
load  initially  until  a  load  near  15  MPa,  beyond  that  the  strain 
decreases  slowly  with  the  load.  Based  on  Devonshire  phe¬ 
nomenological  theory,  it  can  be  shown  that  for  the  polymer 
investigated  here,  the  tensile  stress  will  favor  the  low  tem¬ 
perature  phase  and  the  change  of  the  strain  with  load  can  be 
understood  qualitatively  from  the  shifting  of  Tm  and  Td  due 
to  the  load.  In  general,  for  ferroelectric  based  materials,  the 
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dependence  of  strain  response  with  load  can  be  understood 
from  the  shifting  of  the  Curie  temperature  with  stress. 
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In  this  letter,  we  show  that  the  electric  field  induced  strain  in  the  electron  irradiated  polyfvinyiidene 
fiuoride-trifiuoroethylenej  copolymer  can  generate  high  strain  even  under  a  high  mechanicai  stress. 

The  observed  change  in  strain  with  stress  is  due  to  the  electrostrictive  coupling  of  the  local 
poiarization  with  stress,  and  can  be  directly  related  to  the  change  of  the  induced  strain  with 
temperature.  The  results  indicate  that  the  field  induced  strain  observed  in  the  films  investigated  is 
indeed  from  the  local  poiarization  regions  in  the  material,  and  is  electrostrictive  in  nature,  t  1999 
American  Institute  of  Physics.  [S0003-695 1(99)03743-2] 


Polymers  which  can  generate  high  electric  field  induced 
strain  are  very'  attractive  for  a  broad  range  of  applications 
such  as  artificial  muscles,  robots,  ultrasonic  transducers  for 
medical  diagnosis,  sonar,  and  active  control  of  mechanical 
systems.1  It  was  found  recently  that  under  a  proper  electron 
irradiation  treatment,  a  massive  electrostrictive  strain  can  be 
induced  in  polyfvinyiidene  nuoride-trifluoroethylene) 
[P'VDF-TrFE)]  copolymers.  Because  of  the  high  elastic 
modulus  of  the  material,  it  also  possesses  a  high  elastic  en¬ 
ergy  density."*'  Being  a  polymeric  material,  the  electrome¬ 
chanical  response  under  high  mechanical  load  is  always  a 
concern,  mat  is.  whether  the  material  can  maintain  the  strain 
ievel  when  subject  to  high  external  stresses.  For  example, 
several  polymers  such  as  polyurethane,  polybutadiene,  sili¬ 
cone  rubber  etc.  were  observed  to  generate  very  high  electric 
field  induced  strains  up  to  —  lOFrT"  But  due  to  the  fact  that 
these  materials  have  a  very  low  elastic  modulus  and  the 
strain  is  caused  by  the  Maxwell  stress  effect,  the  elastic  en¬ 
ergy'  density  of  these  polymers  is  low  and  the  strain  dimin¬ 
ishes  even  under  the  mechanicai  constraints  of  the  metal 
electrodes  deposited  on  the  samples."  In  this  letter,  we  dem¬ 
onstrate  that  the  irradiated  P(VDF-TrFE)  copolymer  films 
can  generate  a  high  strain  under  a  high  external  load.  In 
addition,  the  experimental  results  also  show  that  due  to  the 
ferroelectric  nature  of  the  material,  the  mechanical  load  ef¬ 
fect  on  the  field  induced  strain  can  be  directly  linked  to  the 
variation  of  the  strain  with  temperature. 

The  PYDF(jt)-TrFE(l  -x)  copolymer  with  x  =  65 
mol  9c  was  chosen  for  this  study.  Among  the  compositions 
investigated,  this  composition  showed  the  highest  electros¬ 
trictive  strain  in  both  the  longitudinal  and  transverse  direc¬ 
tions  (parallel  and  perpendicular  to  the  applied  electric  field). 
The  copolymer  powder  was  purchased  horn  Solvav  and  Cie. 
Bruxelles.  Belgium.  The  unstretched  and  uniaxiallv  stretched 
(4.5  X;  films  of  thickness  -20-30  /in i  were  prepared  by 
melt  pressing  and  solution  casting  methods,  respectively.  In 
order  to  improve  the  crystallinity  and  also  to  remove  residual 
solvent,  the  films  were  annealed  in  a  vacuum  oven  at  140  °C 
for  16  h.  These  films  were  irradiated  in  a  nitrogen  atmo¬ 
sphere  with  2.55  MeV  electrons  at  95  °C  and  with  a  60  Mr  ad 
dose. 

A  cantilever  based  dilatometer  was  used  to  measure  the 


strain  aiong  the  stretching  direction  (transverse  strain.  S j)  at- 
different  tensile  stresses  ( <rT )  applied  in  the  same  direction.4 
Tne  strain  along  the  thickness  direction  (longitudinal  strain, 
Sf)  was  measured  at  different  hydrostatic  pressures  ( crh)  us¬ 
ing  a  piezoelectric  bimorph  based  sensor.9  In  this  setup,  one 
end  of  me  piezoelectric  bimorph  was  fixed  while  the  other 
was  in  contact  with  the  sample.  Under  an  ac  electric  field,  the 
expansion  and  contraction  along  the  sample  thickness  direc¬ 
tion  generate  the  corresponding  bending  motion  in  the  bi¬ 
morph  sensor.  Through  the  piezoelectric  effect,  an  electrical 
output  voltage  which  is  perpoticnai  to  the  bending  of  bi¬ 
morph  is  observed.  Both  the  setups  were  designed  and  de¬ 
veloped  specifically  for  strain  measurements  in  polymer 
films  under  load.  In  both  cases,  the  ac  electric  field  is  applied 
aiong  me  film  thickness  with  frequencies  ranging  from  1  to 
10  Hz. 

Since  the  magnitude  of  the  transverse  strain  is  higher  for 
stretched  films  in  comparison  to  unstretched  films,  the  65/35 
stretched  films  were  used  to  measure  the  transverse  strain  at 
different  tensile  stresses  along  the  stretching  direction.  As 
can  be  seen  from  Fig.  1.  under  a  constant  electric  field,  the 
transverse  strain  initially  increases  with  the  load  and  reaches 
to  a  maximum  at  the  tensile  stress  of  about  20  MPa.  Upon 
further  increase  of  the  load,  the  field  induced  strain  is  re¬ 
duced.  One  important  result  revealed  by  the  data  is  that  even 
under  a  tensile  stress  of  45  MPa.  the  strain  generated  is  still 
nearly  me  same  as  that  it  was  without  load,  indicating  that 
the  material  has  a  very'  high  load  capability. 

Tne  longitudinal  strain  for  unstretched  65/35  mol  9c 
films  as  a  function  of  hydrostatic  pressure  was  measured  and 
the  data  is  presented  in  Fig.  2.  As  can  be  seen,  at  low  driving 
electric  fields,  the  strain  does  not  change  much  with  pressure. 
On  the  other  hand,  for  high  fields  it  shows  increases  with 
pressure.  Due  to  the  limitation  of  the  experimental  setup,  we 
could  not  apply  pressure  higher  than  8.2  MPa. 

Tne  results  from  both  experiments  clearly  demonstrate 
that  the  electrostrictive  P(VDF-TrFE)  copolymer  has  a  high 
load  capability  and  maintains  its  strain  level  even  under  a 
very'  high  mechanical  load,  which  is  in  contrast  to  many 
other  polymeric  materials.6-9  However,  the  increase  of  the 
field  induced  strain  with  load  and  the  strain  maximum  ob¬ 
served  in  Fig.  I  seems  to  be  puzzling.  In  the  following,  we 
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FIG.  1.  Effect  of  tensile  stress  (<rr)  on  electnc  field  induced  transverse 
strain  (5,)  measured  at  room  temperature  under  different  driving  electnc 
field  strengths. 

will  be  showing  that  the  observed  phenomena  can  be  under- 
stood  by  considering  the  electrostricrive  coupling  of  the  local 
polarization  with  stress  in  this  reiaxor  ferroelectric  material. 

It  is  well  known  that  the  unirradiated  P(VDF-TrFE) 
65/35  mol  9c  copolymer  is  a  normal  ferroelectric  polymer 
with  a  Curie  temperature  near  70  =C.10  After  the  irradiadon. 
we  nave  shown  that  the  material  is  transformed  into  a  relaxor 
ferroelectric,  which  exhibits  a  large  electrostricuve  strain.  * 
Accordinz  to  the  Landau-Devonshire  phenomenological 
theory,  when  a  normal  ferroelectric  material  is  subjected  to 
an  external  stress,  its  Curie  point  will  shift,  which  can  be 

.  ;  i  »  *■> 

describee  as“““ 

Ar=2e0C2Ac7.  (1) 

where  A  T  is  the  shift  of  the  Cune  temperature.  e0  1S  permi- 
tiviry  in  free  space.  C  is  Curie-TVetss  constant.  <r  is  the 
applied  stress,  and  Q  is  electrostricuve  coefficient.  Therefore, 
depending  on  the  sign  of  the  electrostricuve  coefficient,  and 
the  applied  stress,  the  shift  of  the  Curie  point  can  be  either 
positive  -to  higher  temperature)  or  negative  (to  lower  tem¬ 
perature).  For 'a  relaxor  ferroelectric,  if  we  use  the  simple 
Smolenskv  model13  that  a  relaxor  ferroelectric  can  be  re¬ 
garded  as  "consisting  of  local  polar  regions  with  different  Cu¬ 
rie  poincs  over  a  broad  temperature  range.  Eq.  (1)  can  still  be 
used  to  provide  a  qualitative  understanding  of  the  data. 

For  the  irradiated  P(VDF-TrFE)  copolymer,  it  is  also 
shown  that  the  strain  is  proportional  to  the  square  of  the 
induced  polarization  P'~ 


pjQ  ri  sffggf  of  hydrostatic  pressure  (0*0  on  electric  field  induced  longi- 
iudinal  <S,)  measured  at  room  tempenture  under  different  driving 

electric  ne id  strengths. 


FIG.  3.  Variation  in  electric  field  induced  cansverse  strain  (Si)  as  a  func¬ 
tion  of  temperature  measured  under  stress  net  conditions  at  different  elec- 
trie  field  strengths. 

S=QP 2.  ® 

The  relevant  electrostricuve  coefficients  used  in  Eq.  (1)  for 
the  irradiated  copolymer  are:  2:3  '.transverse  coefficient,  re¬ 
laxed  to  the  transverse  tensile  stress)  and  Q*  (volume  coeffi¬ 
cient.  related  to  the  hydrostatic  pressure).  From  early  experi¬ 
mental  results,  it  has  been  shown  that  Qi3>0  and  Qh< 0. 
Taerefore.  under  a  transverse  tensile  stress.  Acrr>0.  and  Eq. 
(1)  dictates  that  the  applied  tensile  stress  will  shift  the  Curie 
temperature  downwards.  In  an  analogy,  under  hydrostatic 
pressure.  Acr,,<0.  and  with  increased  pressure,  the  Curie 
temperature  will  also  move  downwards.  Combining  this  with 
the  results  in  Fi ss.  1  2nd  2  suggests  that  at  temperatures  near 
room  temperature,  both  the  longitudinal  and  transverse 
strains  of  the  samples  studied  should  increase  as  the  tempera¬ 
ture  is  reduced  and  will  reach  to  a  maximum  at  a  temperature 
below  room  temperature. 

Figures  3  and  4  present  the  temperature  dependence  of 
the  transverse  strain  for  the  s listened  film  and  the  longitudi¬ 
nal  strain  for  the  unstretched  nlm  measured  under  stress  free 
conditions  at  a  field  range  similar  to  those  used  in  Figs.  1  and 
2.  Figure  3  shows  that  for  the  transverse  strain  measured  in 
the  stretched  sample,  there  is  a  broad  maximum  at  a  tempera¬ 
ture  near  17  °C  in  the  electnc  field  range  measured,  which 
seems  to  be  consistent  with  the  data  in  Fig.  1.  For  the  longi¬ 
tudinal  strain,  the  temperature  Limitation  of  the  setup  pre¬ 
vents  the  experiment  from  being  performed  below  room  tem¬ 
perature.  and  the  results  in  Fig.  4  are  consistent  with  the  data 
in  Fis.  2.  That  is?  the  field  induced  strain  decreases  with 


PIG  a.  Variation  in  electric  field  induced  longitudinal  strain  (50  as  a 
function  of  temperature  measured  under  stress  free  condition  at  different 
electnc  field  strengths. 
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temperature.  It  should  be  pointed  out  that  due  to  the  nature  of 
relaxor  ferroelectric  material,  the  induced  strain  changes  with 
stress  or  temperature  are  also  dependent  on  the  level  of  the 
driving  electric  field.  For  the  unstretched  sample,  the  data  in 
Fig.  4  seems  to  indicate  that  there  is  a  weak  strain  maximum 
at  a  temperature  near  35  °C  when  the  measurement  was  made 
under  a  field  of  25  MV/m. 

From  the  data  presented  in  Figs.  1  and  3  for  the  stretched 
films  and  in  Figs.  2  and  4  for  unstretched  films,  one  may 
obtain  the  effective  electrostrictive  coefficients  using  Eq.  (1) 
if  the  Curie-Weiss  constants  are  known  for  the  two  samples. 
Using  the  Curie-Weiss  relation,  €=C/(T—Tc),  where  €  is 
the  pemfitivity  of  the  material^  the  values  of  the  Curie- 
Weiss' constants  (U=4002  and73475pand  Curie-Weiss  tem¬ 
peratures  ( Tc  -  10.24  and  28  °C)  were  calculated  for  unirra- 
diaied  stretched  and  unstretched  films,  respectively.  These 
values  are  found  to  be  close  to  the  values  reported  by 
others.10  The  value  of  013  =  4.6m4/C2  is  calculated  from  Eq. 
(1)  using  A 7=6  °C  (Fig.  3)  and  Acrr=  18.4  MPa  (Fig.  1), 
which  is  very  close  to  the  value  of  gI3  =  4.9  m4/C2  obtained 
directly  from  the  strain  and  polarization  using  Eq.  (2).:>  Al¬ 
though  for  a  system  as  complicated  as  the  irradiated  P(VDF- 
TrFE)  copolymer,  we  do  not  expect  that  the  analysis  pre¬ 
sented  can  be  used  quantitatively,  the  consistency  in  the 
effective  electrostrictive  coefficient  obtained  from  the  two 
sets  of  data  does  indicate  that  the  observed  change  of  the 
induced  strain  with  stress  is  due  to  the  electrostrictive  cou¬ 
pling  of  the  local  polarization  with  stress  in  this  material.  For 
unstretched  films,  by  comparing  the  slopes  from  the  curves 
under  75  MV/m  in  Fig.  2  and  under  74  MV/m  in  Fig.  4.  we 
obtain  2/,=  - 10.8  m4/C_  which  is  also  consistent  with  Qr 
=  “5m VC2  obtained  directly  from  the  measured  volume 


strain  with  polarization.5  The  results  obtained  here  clearly 
indicate  that  the  field  induced  strain  is  due  to  the  local  po¬ 
larization  in  the  material  and  is  electrostrictive  in  nature.  The 
data  presented  show  that  the  variation  of  the  field  induced 
strain  with  stress  can  be  related  qualitatively  to  the  change  in 
strain  with  temperature  through  Eq.  (1)  even  for  a  compli¬ 
cated  system  such  as  the  relaxor  ferroelectric  P(VDF-TrFE) 
copolymer.  Furthermore,  the  data  show  that  the  electrostric¬ 
tive  strain  from  the  irradiated  P(VDF-TrFE)  copolymer  has  a 
high  load  capability. 
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1.  INTRODUCTION 

Piezoceramic  polymer  composites  offer  many  advan¬ 
tages  over  sinde  phase  materials  for  many  transducer  appli¬ 
cations  such  'as  underwater  sonar,  ultrasonic  imaging  tor 
m-dcai  and  NDE  apolicarions.  and  stress  sensors.  The 
complementary  properties  of  the  polymer  and  ceramic 
nnases  in  the  electric  and  mechanical  responses  make  it  pos¬ 
sible  to  tune  the  composite  properties  over  a  wide  range.  On 
the  other  hand,  in  order  to  fully  make  use  or  these  advan¬ 
tages  and  to  reduce  the  manufacture  costs  of  composite,  it  is 
necessary  and  still  a  challenge  to  establish  a  quantitatively 
structure-property  relationship  which  links  various  design 
parameters  in  the  constituents  to  the  final  device  perior- 
mance  and  reveals  new  properties  of  composites  that  are  ab¬ 
sent  in  sinde  phase  materials. 

[n  the  past  two  decades,  a  great  deal  of  effort  has  been 
devoted  to  analvze  and  model  the  transducer  performance  of 
piezocomposites.5-9  The  model  (quasi-static  model)  devel¬ 
oped  bv  Smith  and  AuldJ  and  Hashimoto  and  Yamaguchi 
based  on  the  isostrain  and  isostress  concepts  in  treating  the 
couoiinv  between  the  constituent  phases  provided  a  qualita¬ 
tive  prediction  on  the  effective  piezoelectric  properties  of  lo 
composites  as  a  thickness  resonator.  It  was  shown  from  the 
model  that  the  thickness  coupling  factor  k,  of  a  composite 
can  approach  the  longitudinal  coupling  factor  £33  of  the  pi- 
ezoceramic  rod.  which  agrees  with  experiments  for  compos¬ 
ites  with  a  hiah  aspect  ratio  dlt.  where  t  is  the  thickness  and 
d  is  the  periodicity  of  the  composites.  Because  of  its  simplic¬ 
ity.  the  quasi-static  model  offers  a  convenient  means  for  a 
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quick  estimation  of  the  composite  parameters.  Auld  e:  ai. 
pointed  out  the  existence  of  the  stop  band  edge  resonance  :n 
both  2-2  and  1-3  composites  due  to  the  periodic  arrangement 
of  the  ceramic  elements  in  these  composites."6  However,  in 
order  to  address  quantitatively  many  realistic  issues  of  a 
composite  material  such  as  the  influence  of  the  aspect  ratio 
and  "shape  of  the  ceramic  rod  in  a  1-3  composite  on  the 
performance,  finite  element  method  (FEM)  is  often  used. 

More  recently,  based  on  the  guided  wave  approach,  an 
analytical  model  was  developed  which  is  capable  of  treating 
many  practical  issues  related  to  the  ultrasonic  performance  of 
a  2-2  composite.  By  combining  this  with  the  eigenmode  ex¬ 
pansion.  the  ultrasonic  properties  of  a  finite  thickness  --2 
composite  can  be  analyzed  quantitatively  and  many  new  rea- 
tures  were  predicted  and  confirmed  experimentally.-  • 
Clearly,  the  model  results  offer  many  new  physical  insights 
into  the  ultrasonic  performance  of  a  2-2  piezocomposite.  It  is 
the  purpose  of  this  work  to  explore  the  possibility  of  using 
similar  approach  to  lo  piezocomposites. 

In  this  article,  a  simplified  wave  propagation  model  will 
be  used  to  analyze  the  ultrasonic  properties  related  to  the 
thickness  resonance  of  1-3  composites  and  the  results  will  be 
compared  with  experiment.  Comparison  will  also  be  made 
with  the  quasi-static  model  to  show  the  range  of  its  validity. 
Since  the  mechanical  Q  of  a  composite  is  an  important  pa¬ 
rameter  in  determining  the  bandwidth  of  the  transducer  made 
from  it.  experiment  and  model  analysis  are  also  made  to 
show  that  the  mechanical  Q  of  a  composite  is  not  a  simple 
extrapolation  between  the  two  end  constituent  phases  i.i.e.^ 
ceramic  and  polymer)  and  can  be  much  smaller  than  those  or 
both  constituents.  In  addition,  experimental  results  will  be 
presented  regarding  the  frequencies  of  the  lateral  modes  an 
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FIG.  I.  i  a*  Schematic  driving  of  a  1-3  piezocomposite  having  a  square  unit 
ceil,  lb)  A  concentric  unit  ceii  and  the  coordinate  system  fora  1-3  composite 
ic;  schematic  arc’-' ms  of  a  1-j  composite  'aici  .-ramie  rods 
anansed  in  a  hexagonal  periodic  array.  A  concentric  unit  ceii  may  be  used 
to  approximate  hexagons.:  unit  ceil  as  shown. 


kV/mm  do  electric  rield.  Different  thickness  samples  were 
used  to  vary  the  thickness  resonance  frequency  and  the  elec¬ 
tric  impedance  was  measured  by  an  HP  -194  Impedance 
Analyzer. 


111.  WAVE  PROPAGATION  IN  AN  UNBOUNDED  1-3 
PIEZOCOMPOSITE 

In  general,  a  L-3  composite,  such  as  shown  in  Fig.  1(a), 
has  a  three-dimensional  structure  and  although  its  dynamic 
behavior  can  be  treated  using  the  approach  in  Refs.  13  and 
14.  the  mathematics  involved  is  quite  complicated  and  cum¬ 
bersome.  To  simplify  the  mathematics  of  the  analysis,  we 
will  investigate  the  possibility  of  using  the  concentric  unit 
cell  Fig.  1(b).  which  is  an  approximation  to  the  unit  cell  of  a 
1-3  composite  having  the  ceramic  rods  arranged  in  a  hexago¬ 
nal  lattice  as  schematically  drawn  in  Fig.  1(c).  to  analyze  the 
ultrasonic  properties  of  a  1-3  composite  at  the  thickness  reso¬ 
nance.  Such  an  approximation  reduces  the  problem  to  a  two- 
dimensional  one  which  is  much  simpler  and  as  will  be  shown 
in  the  article  the  model  results  on  the  thickness  resonance 
compare  quite  well  with  experimental  data. 

The  cylindrical  coordinate  system  is  chosen  for  the  unit 
ceii  shown  in  Fig.  Kb)  where  the  :  axis  is  along  the  poling 
direction  of  the  piezoceramic  rod.  the  r  axis  is  along  the 
radiai  direction  and  the  0  axis  is  perpendicular  to  the  r~z 
plane,  respectively.  Because  of  the  axial  symmetry,  the  gov¬ 
erning  equations  become1" 


dTrr  dT.z 
dr  dz 


r 


[Trr  F^)-p 


6:iir 

IT' 


(la) 


it  will  be  shown  that  simple  relationships  exist  between  the 
r  •*  -encies  positions  of  these  modes  and  the  parameters  of 
tiie  polymer  matrix. 

II.  SAMPLE  PREPARATION 

In  order  to  compare  the  model  results  with  experiment. 
1-3  piezocomposites  with  different  ceramic  volume  fractions 
were  prepared  by  a  dice  and  fill  method.  The  ceramic  used 
was  the  commercial  PZT-5H  disk  and  the  polymer  matrix 
was  Spurr  epoxy.12  In  the  fabrication  of  1-3  composites, 
PZToH  ceramic  disk  was  first  diced  in  one  direction  peri¬ 
odically  bv  Isomet  1000  dicing  saw  and  the  ceramic  volume 
fraction  is  determined  by  the  ratio  of  the  kerf  width/period. 
For  example,  for  a  1-3  composite  with  40.5*3:  ceramic  vol¬ 
ume  content,  the  periodicity  is  1.024  mm  and  the  kerf  width 
is  0.355  mm.  After  the  dicing,  the  sample  was  carefully 
cleaned  by  acetone,  and  the  Spurr  epoxy  was  then  rilled  into 
the  kerf.  Any  possible  gas  bubbles  in  the  polymer  were  re¬ 
moved  by  placing  the  sample  in  a  vacuum  for  more  than  an 
hour.  T*he  polymer  matrix  was  then  cured  at  50  in  the 
over,  f.-.r  3  h.  After  curing,  the  sample  was  cut  in  the  perpen¬ 
dicular  direction  to  the  first  cut  with  the  periodicity  and  the 
kerf  the  same  as  the  first  cut.  and  then  cleaned,  rilled  with 
epoxy  and  cured.  Because  the  ceramic  may  be  partially  de- 
poled  in  the  process  of  cutting,  curing  and  polishing,  the  final 
1*3  composite  was  repoled  in  /0°C  oil  for  5  min  under  a  2 
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The  symbols  adopted  in  this  article  are  summarized  as  fol¬ 
lows:  Tu  and  5r;-  are  the  stress  and  strain  tensor  components. 
u{  is  the  elastic  displacement  vector,  p  is  the  density.  Dt  is 
the  electric  displacement  vector,  and  £,-  the  electric  rield.  The 
relevant  material  coefficients  are:  eVj  is  the  piezoelectric  co¬ 
efficient.  c ij  is  the  elastic  stiffness,  and  ef  the  dielectric  per¬ 
mittivity.  Equation  ( 1 )  holds  for  both  polymer  and  piezocer¬ 
amic  phases. 

The  constitutive  equations  for  the  piezcceramic  in  the 
cylindrical  coordinate  system  are 
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,  .c.  |  i  (M) 

r"-  c-u\  dz  dr  I  15 

For  the  polymer  phase.  in  Eq.  (2)  is  zero.  The  super- 
scrims  £  and  S  indicate  that  the  coemcients  are  under  the 
constant  electric  field  and  constant  strain  conditions,  respec¬ 
tively.  Under  the  quasi-electrostauc  approximation,  the  elec¬ 
tric  field  £  is  related  to  the  electrical  potential  <P 

£=-V3>.  ^ 

Combining  Eqs.  (1).  (2).  and  (3)  yields  differential  equa¬ 
tions  governing  the  elastic  displacement  ur.  u..  and  the 
electrical  ootential  9  in  the  piezoceramic  rod  and  m  the 
polymer,  respectively.11  The  general  solutions  for  the  piezo¬ 
active  modes  in  the  ceramic  rod  have  the  form: 


RWMh'rWW- 


cosl.0z) 


<J>C=2  R‘i'Vo(h<ir)siniPz)- 

t 

where  i  runs  from  1  to  3  and  the  superscript  e  denotes  the 
ceramic.  J0  and  7,  are  zeroth-order  and  first-order  Besseil 
function.  p  is  the  wave  vector  component  along  the  :  direc¬ 
tion  (J3=2ttJ\,  where  X.  is  the  wavelength  along  the  same 
direction)  and  h,  is  the  wave  vector  perpendicular  to  that 
direction.  For  each  p.  there  are  three  h.  h\,  hz.  and  h:  . 
corresponding  to  the  quasi-eiectromagneac,  quasi- 
lonmtudinal,  and  quasi-shear  waves  in  the  piezoceramic  rod. 
respectively,  f,.  gf  and  r?  are  the  cofactors  of  Atlfn. 
AkZ(i),  and  Afc3(t)  of  the  determinant: 


c^Pljrc£Jtl-p<^  (cf3+ef*)M 
{cf^cii)h0  c-uh-+cij3‘-pc 
eyj-^el5h: 


e-.-.p'  —  e  i<ft~ 
ye,*- e-A)hp 
-(r'/r-e  Up1).: 


(where  h  is  replaced  by  h‘  for  i=  1.  2.  and  3.  respectively). 
The  time-dependent  term  exp(-;wn  is  omitted  m  Eq.  -  * 
where  w  is  the  angular  frequency."  R)  are  the  coefficients  to 
be  determined  from  the  boundary  conditions. 

Similarly,  the  solutions  for  the  polymer  phase  can  be 

obtained11 

UP  =  2  +  <2f  To<  h?i  r)]sin(£z). 


u^-2  SIW l(hl’r)  +  Ql!Ylih>’r)]cos{pz).  (6> 

t 

<S>?  =  [CplJ0(hPir)  +  Cp1Y0(h?r)]sin(pz). 

where  i-  1.2.  and  the  superscript  p  denotes  the  polymer.  For 
a  nonslippery  interface  between  the  ceramic  and  polymer.  £ 
in  the  polymer  should  be  the  same  as  that  in  the  ceramic.  0 
and  Y  ■  are  the  zeroth-order  and  first-order  Hankel  funcuon. 
rf>  and.'  o?  are  the  cofactors  of  AH(i),  A« (0  of  Ecl-  W  Wlth 
all  the  material  parameters  replaced  by  those  of  polymer 
phase,  and 

{hpy  =  {kpy.-j3\  {h^ikV'—p1,  and  (ft^)2=-Pz- 
'  1  (7) 

where  tf-W  kpr=a>li$.  ^  and  ^  are  the  longitudinal 
and  shear  wave  velocities  in  the  polymer  phase,  respectively. 
RP  ,QP  cl.  and  C\  are  the  coefficients  to  be  determined  by 
die  boundary  conditions. 


The  expressions  of  the  stresses  and  the  electric  displace¬ 
ment  in  the  ceramic  rod  and  the  polymer  phase  can  be  oo- 
cained  by  substituting  the  equations  of  the  elastic  displace¬ 
ment  and  electric  potential  into  the  constitutive  equations 

[Eq.  (2)  for  the  ceramic  rod]." 

The  boundary  conditions  at  the  ceramic  polymer  inter¬ 
face  (r=rt)  are 

«><«?.  n=nr.  rrz=Tpr:.  ^ 

<2>c=<t>p,  Dcr  =  Dpr,  ,8b) 

and  the  symmetry  conditions  at  r-  rz  require 

Tp.= 0.  up  =  0,  Dp= 0.  lSc) 

From  Eq.  (8),  the  relationship  between  w  and  p.  the  disper¬ 
sion  relations,  can  be  determined.  For  each  pair  of  w  and  ti¬ 
the  relationships  among  R* .  R? .  Qp .  and  Cj  [in  Eqs.  1 
and  (6)]  can  be  obtained.11 

IV.  EFFECTIVE  ELECTROMECHANICAL  PROPERTIES 
OF  A  1-3  PIEZOCOMPOSITE 

The  longitudinal  wave  velocity  of  a  1-3  piezocompo>he 
is  determined  from  the  dispersion  curves  using  Vph=^/ti- 
Presented  in  Fig.  2(a)  is  the  comparison  of  the  theoreuc 
and  experimental  results  of  the  longitudinal  wave  velocity 
VD  as  a  function  of  d/t  (t  is  the  thickness  of  the  compost 
and  d  =  2 r-, .  and  at  the  thickness  resonance  £  =  2 
for  a  1-3  piezocomposite  with  40%  ceramic  volume  fraction 
In  this  article,  except  otherwise  specified,  the  composi 
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qr-  2.  I  a)  Lonaitudinal  wave  velocity  of  a  1-3  piezocompcsite  with  d0% 
'ontem  as  a  runcrion  of  di;.  The  open  circles  are  the  i.xperimemal 
uwu’t  and  solid  line  is  from  fee  model,  (b)  The  longitudinal  wave  velocity 
b  a  function  of  ceramic  voiurae  fraction  for  composites  wife  different  d/t 
ienved  from  the  modei.  rcr  -fee  comparison,  the  result  from  fee  quasi-stanc 
nodel  is  also  included.  , 


FIG.  3.  <aj  Electromechanical  coupling  coefficient  k.  is  i  function  of  ce¬ 
ramic  volume  fraction  for  composites  with  different  di:  derived  from  the 
model.  For  the  companion,  the  result  from  the  quasi-sura  modei  is  also 
included  as  the  solid*  line,  b*  The  eiectromechamcai  coupling  coefficient  k, 
of  a  1-3  oiezocomposite  ‘.vim  40 %  ceramic  content  as  a  fraction  of  dh.  The 
open  circles  are  the  experimental  results  and  solid  line  is  ram  the  model. 


nave  PZToH  as  the  piezoceramic  and  Spurr  epoxy  as  poly- 
Tier  matrix.11  The  parameters  of  the  PZT-5H  piezoceramic 
ind  rhe  5  purr  epoxv  are  presented  in  Table  I.  w  a  ere  the  real 
p-:  material  parameters  is  from  Ret.  16.  The  experi¬ 

mental  results  are  obtained  by  the  resonance  method  using 
HP4194  Impedance  Analyzer  from  1-3  piezocomposite 
plates  with  different  thickness  r  (the  sample  thickness  t 
ranges  from  0.5  to  5  mm)  and  VD  =  2  fpt  (fP  b  the  parallel 
resonance  frequency  >.  The  agreement  is  very  good  for  d/t 
less  than  0.65.  At  d/t  higher  than  0.65.  the  theoretical  results 
deviate  from  the  experimental  values,  which  is  due  to  the 
concentric  unit  cell  approximation  used  in  the  analysis  which 
car.no*  noat  the  mode  coupling  correctly. 

Shown  m  Fig.  2(b;is  the  dependence  of  the  longitudinal 
wave  veiocitv  on  ceramic  volume  fraction  for  a  1-j  piezo¬ 
composite  with  different  ratio  of  d/ 1.  The  lowering  of  V°  for 
d/r=0.63  shown  at  the  low*  ceramic  volume  content  region 
(at  the  ceramic  volume  content  less  than  40%)  in  the  figure  is 
due  to  the  coupling  of  the  thickness  mode  with  the  lateral 
mode.  For  composites  with  higher  ceramic  volume  content, 
this  coupling  will  occur  at  higher  d/t  and  correspondingly, 
the  lowor;r  ^  of  VD  will  occur  at  higher  values  of  d/t .  Away 
from  die  ...cuiina  region  (in  practical  design,  the  frequency 
the  first  lateral  mode  is  chosen  to  be  at  twice  that  of  the 
thickness  mode).  V°  exhibits  very  little  dependence  on  d/t 
which  is  consistent  with  the  data  in  Fig.  2(a)  and  earlier 
e*periment  results.1’  For  the  comparison.  V°  from  quasi- 
static  modei  are  also  shown  in  Fig.  2(b).*'4  And  derived 


:rom  the  quasi-static  modei  is  higher  than  mat  determined 
Tom  this  modei  and  experimental  data. 

The  thickness  mode  electromechanical  coupling  coeffi- 
:ient  of  a  I -3  piezocomposite  is  derived  in  the  modei  from 


,vf-. 


(9) 


vhere  vE  and  vf  are  the  longitudinal  wave  velocity  under 
nnstant  £  and  constant  D  conditions,  respectively.  Presented 
n  Fis.  3(a)  is  the  dependence  of  k,  on  ceramic  volume  frac- 
ion  for  a  1-3  piezocomposite  with  different  d/r.  Again,  the 
eduction  in  kt  at  the  low  ceramic  volume  fraction  region  for 
he  curve  with  d/r  =  0.63  is  due  to  the  coupling  to  the  lateral 
node.  At  d/t  away  from  the  coupling  region,  k.  exhibits  very 
itde  dispersion.  For  the  comparison,  the  results  from  the 
[uasi-static  model  is  also  presented  in  the  figure  and  k,  from 
he  quasi-static  modei  is  less  than  that  from  this  model  even 
vhen  d/t  approaches  zero,  where  the  thickness  of  the  com- 
losite  is  much  larger  than  the  period. 

The  thickness  coupling  factor  for  a  1-3  piezocomposite 
vith  409£  ceramic  volume  content  was  evaluated  experimen- 
ally  using  the  relation:18 


(10) 


.  -*  ”  f  S  !  f  P  f  s 

=  tarn  T— 7— 

~  J  p  ~  J  P  • 

here  fs  and  fp  are  the  series  and  the  parallel  resonance 
equencies  of  the  1-3  piezocomposite  plate,  respectively, 
he  dependence  of  the  theoretical  and  experimental  electro- 
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FIG.  A  Qualirv  factor  Q,„  of  1-3  piezocomposites  as  a  function  of  ceramic 
volume  fraction.  Q,„  is  evaluated  at  dl r=0.063  and /- 1  !7  Mz  (  <7u 
=  20.7  N/m*  s  and  Tu=U.0Wm's  for  the  polymerl-Q,  «  ^ 
factor  for  the  oiezoceramic  (poled  PZT-5H).  Tae  result  from  the  quas.-stanc 
model  is  included  as  the  dashed  line.  The  experimental  data  are  represented 
as  black  dots. 


mechanical  coupling  coefficient  k.  on  file  aspect  ratio  dlt  is 
shown  in  Fie.  3(b)  for  composites  with  -OF:  ceramic  content. 
The  agreement  between  the  two  is  excellent  for  dlt  less  than 
0.65.  At  dlt  above  0.65.  the  deviation  of  the  theoretical  value 
from  the  experimental  one  is  due  to  the  concentric  unit  cell 
aDproximadon  used  in  the  model  which  cannot  describe  the 
mode  coupling  between  thickness  mode  and  lateral  mode 
correctly. 


V.  LOSSES  IN  1-3  PIEZOCOMPOSITES 

In  the  previous  sections,  the  losses  in  the  materials  have 
not  been  included  in  the  analysis.  However,  as  has  been 
demonstrated  in  many  experiments,  loss  in  a  1-3  piezocom¬ 
posite  is  much  higher  and  hence  the  mechanical  Q  is  much 
lower  than  that  in  piezoceramic.  Therefore,  it  is  very  impor¬ 
tant  to  include  the  losses  in  the  analysis.  For  practical  trans¬ 
ducer  applications,  a  material  with  a  mechanical  Q  much 
lower  than  that  of  piezoceramics  is  desirable  in  order  to 
broaden  the  transducer  bandwidth. 

In  seneral.  there  are  three  types  of  losses  in  a  piezoelec¬ 
tric  material,  i.e..  mechanical  loss,  dielectric  loss,  and  piezo¬ 
electric  loss.  In  the  polymer  phase,  there  are  only  mechanical 
loss  and  dielectric  loss.  The  losses  in  the  ceramic  phase  can 
be  expressed  by  complex  constants. 


r 


cfj'+Jcu- 


(11) 


and  the  losses  in  the  polymer  phase  can  be  expressed  as 


'  •  •  " 

Cij—Cjj  ■  JCij, 


e=€  -je 


(12) 


From  the  fact  that  the  attenuation  in  piezoceramic  is  propor¬ 
tional  to  frequency,  the  imaginary  part  of  the  parameters  in 
ceramic  can  be  assumed  constants.10  While  in  the  polymer 
phase,  the  main  loss  mechanism  is  due  to  viscosity,  there¬ 
fore.  c’j  -  oj  Vij ,  where  tju  is  the  viscosity  coefficient  of  the 
polymer. 

The  quality  factor  Q  (or  the  mechanical  Q)  for  the  thick¬ 
ness  mode  of  a  1-3  piezocomposite  is  evaluated  from  the 
dispersion  curves  using  the  relation: 


where  3,  and  are  the  real  and  imaginary  pan  of  the  wave 
vector  .3.  respectively.  Presented  in  Fig.  4  is  the  Q  of  a  1-7 
piezocomoosite  as  a  function  of  ceramic  volume  fraction 
evaluated  at  d/t= 0.063.  The  loss  parameters  used  in  the  cal¬ 
culation  are  those  of  P2T-5H  for  the  ceramic  phase  and 
Spurr  epoxy  for  the  polymer  (listed  in  Table  I).  Those  pa¬ 
rameters  are  obtained  from  several  sources:  the  dielectric 
losses  for  the  PZT-5H  ceramic  and  file  elastic  losses  in  Spurr 
ecoxy  were  measured  here:  the  elastic  losses  and  the  piezo- 
sfectric  losses  for  the  PZT-5H  ceramic  are  taken  from  Refs. 
21  and  22.  The  elastic  loss  for  the  polymer  is  evaluated  at 
117  kHz  which  yields  a  mechanical  Q  =  2.22X  10J  for  the 
polymer  (  which  seems  to  be  very  high,  however,  it  was  de¬ 
rived  directly  from  measured  viscosity  coefficient  tj  at  2.c 
MHz).  The  mechanical  Q  in  the  polymer  phase  is  inversely 
proportional  to  frequency  while  in  the  ceramic  phase  it  is  a 
constant. 

The  results  in  Fig.  4  show  that  the  quality  factor  of  a  L-j 
piezocomposite  is  less  than  that  of  both  the  ceramic  and 
polymer  for  the  composites  evaluated.  For  the  comparison, 
the  "quality  factor  for  the  thickness  mode  of  several  1-3  com¬ 
posites  with  different  ceramic  content  and  single  phase 
PZT-5H  ceramic  plate  was  experimentally  determined.  The 
experiment  data  are  also  presented  in  the  figure  which  is 
consistent  with  the  theoretical  results.  The  result  here  is  quite 
different  from  the  real  pan  of  the  elastic  constant  of  a  1-J 
composite  which  always  lies  in  between  the  two  end  phases. 
This  is  also  in  contrary  to  the  common  belief  that  the  low 
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FIG.  5-  Influence  of  elastic  loss  of  polymer  on  the  quality  factor  of  a  1-3 
...  'composite  as  a  function  of  ceramic  volume  fraction.  where  Qm  for 
, ....  jurve  i from  top  co  bottom*  is  2220.  222.  111.  22.2.  and  11.1.  respec¬ 
tively.  The  losses  for  the  ceramic  phase  is  from  depoied  PZT-5H  which 
piezoelectric  coefficients  are  zero. 


FIG.  6.  Contribution  of  dielectric  loss  (no  elastic  and  piezoelectric  losses) 
and  piezoelectric  loss  (no  dielectric  and  elastic  loss)  of  piezoceramic  to  the 
quality  factor  of  a  1-3  piezocomposite  as  a  function  of  ceramic  volume 
fraction,  where  the  tan  6  of  dielectric  constant  is  2 ?c  and  the  tan  <5  of  the 
piezoelectric  coefficient  e.:.  is  2%.  The  curves  are  evaluated  at  d/v** 0.063 
and  Qm  =  2220  for  polymer. 


mechanical  O  in  a  1-3  composite  is  a  result  of  the  loss  in  the 
polymer  phase.  In  fact,  in  the  composite  evaluated,  the  me¬ 
chanical  0  of  the  polymer  phase  (Spurr  epoxy)  is  much 
hiaher  than  that  of  the  piezoceramic,  while  the  0  of  the  1-3 
jrVrio site  is  lower  than  that  of  the  pizeoceramic.  The  similar 
.usion  can  also  be  obtained  from  the  quasi-static  model, 
which  is  presented  in  Fig.  where  the  quality  factor  is  equal 
to  1/tan  S  of  c?3  (the  effective  elastic  constant  of  the  compos¬ 
ite  at  the  constant  electric  displacement  D). 

To  examine  whether  the  observed  effect  is  due  to  the 
piezoelectric  coupling,  the  quality  factor  for  a  1-3  composite 
without  piezoelectricity  is  also  derived  and  the  results  are 
presented  in  Fig.  5  where  the  parameters  are  taken  from 
Spur-  eooxy  and  unpoled  PZT-5H  ceramic  (no  piezoelectric 
and  the  mechanical  0  of  the  ceramic  is  about  200. 
Apparently,  the  quality  factor  here  is  sail  less  than  that  of 
both  ceramic  and  polymer  when  the  Q  of  the  polymer  phase 
is  larzer  than  that  of  the  ceramic.  On  the  other  hand,  when 
the  Q  of  the  polymer  phase  becomes  smaller  than  that  of  the 
ceramic,  the  quality  factor  of  the  composite  lies  between  that 
of  the  polymer  and  ceramic. 

To  elucidate  how  different  losses  of  the  ceramic  phase  in 
a  composite  influence  the  quality  factor  of  the  composite 
transiL.-'zr.  calculation  is  carried  out  for  model  composites 
with  different  losses  in  the  ceramic.  Presented  in  Fig.  6  are 
the  results  for  a  1-3  piezoceramic  composite  in  which  the 
piezoceramic  has  dielectric  loss  only  (no  piezoelectric  and 
elastic  losses)  and  piezoelectric  loss  only  (the  dielectric  and 
elastic  losses  are  assumed  to  be  zero).  In  both  cases,  the 
trend  of  quality  factor  with  the  ceramic  volume  traction  is 
quite  similar  to  those  in  the  pure  elastic  case  as  shown  in  Fig. 
5.  Apparently,  through  the  piezoelectric  coupling  in  the  ma¬ 
terial.  b :he  piezoelectric  and  dielectric  losses  reduces  the 
roechaniw,  Q  of  a  1-3  composite.  It  should  be  pointed  out 
that  in  general,  a  piezoelectric  loss  may  not  imply  a  real 
energy  loss.  Although  for  the  materials  examined  here,  the 
piezoelectric  loss  reduces  the  mechanical  Q  of  the  thickness 
resonance  mode,  it  can  also  be  an  energy  gain  in  other  cases 
which  means  an  increase  in  the  mechanical  Q .  as  has  been 
pointed  out  by  Holland.21 


Presented  in  Fig.  7(a)  are  the  results  when  ail  the  losses 
in  a  1-3  composite  are  included  (data  in  Table  I),  where  the 
different  poiymer  loss  can  be  corresponding  to  different 
thickness  resonance  frequency.  Since  the  elastic  loss  in  a 
poiymer  increases  linearly  with  frequency,  different  level  of 
polymer  loss  may  be  obtained  by  using  composite  samples 
with  different  thickness  mode  resonance  frequencies.  It  can 


to  — - — - 

a  G.2  04  o.s  as  i 

Volume  Fraction 


10*  r 


icco  r 


(b): 


X 


polymer  loss  only 


/ 


X 


FIG.  7.  (a;  Quality  factor  of  a  1-3  piezocomposite  with  both  the  elastic  loss 
of  the  polymer  and  the  elastic,  dielectric,  and  piezoelectric  losses  of  the 
piezoceramic.  where  the  quality  factor  QFm  (polymer)  for  each  curve  (from 
the  top  to  the  bottom)  is  2220. *222.  111.  44.4,  22.2.  and  1  l.l.  respectively, 
(b)  Quality  factor  of  a  1-3  composite  with  40^  ceramic  content  as  a  func¬ 
tion  of  frequency  when  the  loss  is  from  the  polymer  only  (dashed  line)  and 
when  all  the  losses  are  included  (solid  line). 
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HG  i  ,a)  Comparison  of  the  phase  delay  between  the  strain  and  stress  in 
ooivme'as  a  rinsie  phase  matenal  (cashed  'tine,  and  in  composite  tsoua 
tae  b.  Comparison  of  the  ohase  delay  between  the  strain  ana  stress  in 
Lmic  as  a  sinaie  phase  material  (dashed  line',  and  m 
Une'  \pcareativ.  bv  compositing,  the  phase  delay  in  the  polymer  is  reduced 
wH'inthe  ceramic.  it  is  increased.  The  ceramic  volume  content  is  10.  c. 


be  seen  that  at  high  ceramic  volume  content  (for  example. 
>40%).  the  polymer  loss  does  not  have  a  significant  effect 
on  the  qualitv  factor  of  a  composite  transducer.  For  example, 
as  the  mechanical  Q  of  the  polymer  is  reduced  frorn  more 
chan  "000  down  to  about  10.  the  Q  of  the  composite  changes 
onlv  from  about  63  to  47  for  a  composite  of  40%  ceramic 
volume  content.  On  the  other  hand,  the  losses  in  the  ceramic 
phase  seem  to  play  more  important  role  m  determining  the 
mechanical  Q  of  the  composite.  To  illustrate  that,  in  Fig. 
Tib)  the  Q  for  a  composite  with  losses  from  the  polymer 
phase  onlv.  i.e..  there  is  no  loss  in  the  piezoceramic,  and  for 
a  composite  with  all  the  losses  included  is  plotted  as  a  func¬ 
tion  of  frequency,  where  the  ceramic  volume  content :  is  40 x 
and  the  qualitv  factor  of  the  ceramic  (PZT-5H)  is  75.  Sine, 
the  quality  factor  is  defined  as  the  ratio  of  stored  mechanical 
enerzv  vs.  mechanical  energy  loss  m  one  cycle  and  as  seen 
from  Table  I.  the  elastic  constants  of  the  ceramic  are  more 
than  ten  times  higher  than  those  of  the  polymer,  only  wnen 
the  loss  in  the  polymer  becomes  much  higher  than  chat  of  the 
ceramic,  will  it  have  significant  effect  on  the  quality  factor  ot 
a  piezocomposite,  as  shown  in  Fig.  7(b). 

The  acoustic  coupling  between  the  ceramic  and  polymer 
in  a  composite  changes  the  phase  relationship  between  the 
stress  and  strain  in  both  phases.  Shown  in  Figs.  8  and  9  are 
the  phase  angle  5  between  the  stress  ( T ..)  and  strain  (5..) 
alon<*  the  z  direction  at  the  polymer  center  (r—  r2)  an  ce 
ramie  rod  center  (r=0)  as  a  function  of  Q”IQC.  the  ratio  of 
the  mechanical  Q  in  the  two  phases.  Two  compositions  are 


ttg  9  tai  Comparison  of  the  phase  delay  between  the  strain  and  stress  :r 
-oivmer  as  a  sinaie  phase  material  'dashed  line)  and  in  composue  (sot:- 
line?  ibi  Comparison  of  the  phase  delay  between  the  strain  and  stres>  ... 
ceramic  as  a  single  phase  material  ‘dashed  line)  and  in  composue  isoliu 
line  *.  Tne  ceramic  volume  content  is  ^c. 


examined,  one  with  the  ceramic  content  at  10%  (Fig.  8)  ana 
the  other  at  40%  (Fig.  9).  In  the  figures,  the  dashed  lines  are 
the  5  in  the  sinzle  ohase  material  and  the  solid  lines  are  the 
S  in  the  composites!  Apparently,  for  the  polymer  phase,  the ;  a 
is  reduced  when  the  polymer  is  in  the  composite  while  r:r 
the  ceramic,  it  is  increased  in  the  composite.  Further  more, 
the  reduction  in  S  in  the  polymer  increases  with  ceramic 
volume  content  of  the  composite,  and  as  shown  m  Fig.  10. 
for  composites  with  ceramic  volume  fraction  higher  than 
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FIG.  10.  Change  of  the  phase  delay  a  in  the  center  of  the  polymer  rem¬ 
and  the  center  of  the  ceramic  region  of  a  composite  as  a  funenon  o 
ceramic  volume  content.  The  polymer  has  a  (2  =  3220  and  the  ralwbn® 
carried  out  at  Jit =0.063.  The  cotrespondmg  quality  factor  or  the  <.ompo> 
is  also  included  in  ihe  rigurc. 
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FIG.  1 1.  ^Experimental  dispersion  curves  of  a  40 %  1-5  composite  with  a 
square  unit  ceil.  <  b  *  Comparison  between  (open  circies.  experimental 
data)  and  the  shear  wave  velocity  V.  of  the  polymer  isoiid  line)  for  1-3 
composites  with  square  unit  ceil  with  different  ceramic  volume  traction. 


4 5%,  the  phase  delay  in  the  polymer  even  becomes  positive. 
Henv:  -he  large  increase  in  the  S  in  the  ceramic  phase  of  the 
com;.  ..e  is  the  main  reason  causing  the  drop  in  the  quality 
factor  of  composites  since,  as  pointed  out.  the  high  elastic 
constants  in  the  ceramic  phase  implies  that  in  most  cases,  the 
loss  in  the  ceramic  region  plays  a  dominant  role  in  control¬ 
ling  the  mechanical  Q  of  the  thickness  mode  of  a  composite. 


VI.  DISPERSION  CURVES  AND  THE  LATERAL 
MODES  IN  1-3  COMPOSITES 

In  aligning  1-3  composites,  the  frequency  of  lateral 
modes  with  respect  to  the  thickness  mode  is  often  a  concern. 
In  this  section,  the  experimental  results  on  the  lareral  modes 
from  piezocomposites  as  schematically  shown  in  Fig.  1(a) 
be  presented  which  reveal  several  relations  berween  the 
frequency  of  these  modes  and  the  gap  width  and  shear  ve- 
l°chy  of  the  poivmer  matrix. 

Presented  in  Fig.  1  Ha.)  are  the  first  three  branches  of  the 
dispersion  curves  for  a  1-3  composite  with  4CKr  ceramic  voi- 
ume  fract:  :  •  hickness  t  from  0.6  to  8  mm  and  the  polymer 
gap  width  =  0.36 mm).  At  small  -It  limit,  the  first  branch 
corresponds  to  the  thickness  resonance  and  the  second  and 
^ird  branches  are  the  two  lateral  modes  ftl  and /.:.  respec- 
t,veiy.  it  was  foun(i  that  at  small  m/f.  the  frequency  of  the 
^cond  lateral  mode  r.-  can  be  related  to  the  poivmer  gap 
dp  through  "" 


FIG.  12.  Schematic  of  the  lateral  resonance  modes  in  a  ;-5  composite  with 
square  unit  cell.  f:Z  =  t'V ZdT  and  /„  =  VJ(2\2d?). 


(14) 


where  V.  is  the  shear  velocity  of  the  polymer  phase.  The 
result  indicates  that  the  second  lateral  mode  can  be  viewed  as 
a  half-wave  resonance  in  the  poivmer  gap  as  depicted  in  Fig. 
12.  In  addition,  che  frequency  /fl  (the  first  lateral  mode)  can 
be  related  to  f:Z . 


a  reiadon  which  has  been  known  previously.*  This  result 
suggests  that  the  first  lateral  mode  may  correspond  to  a  half- 
wave  resonance  across  the  diagonal  direction  as  shown  in 
Fig.  12.  The  interpretation  here  provides  a  much  simpler  and 
reasonable  understanding  on  the  nature  of  che  lateral  modes 
in  a  1-3  composite  and  is  consistent  with  che  surface  vibra¬ 
tion  profiles  obtained  from  a  laser  probe  reported  in  Refs.  17 
and  23.  As  shown  in  Fig.  11(b).  Eq.  (14)  is  valid  for  1-3 
piezocomposites  over  a  broad  composition  range  as  exam¬ 
ined. 

Tne  results  suggest  that  the  lateral  mode  frequencies  for 

1- 3  composites  investigated  here  are  determined  mainly  by 
the  parameters  of  the  polymer  matrix:  che  shear  wave  veloc¬ 
ity  and  the  gap  width.  This  is  analogous  to  the  behavior 
observed  in  2-2  composites.11  In  addition,  experiment  was 
also  conducted  and  result  shows  that  f:1  in  Fig.  11(a)  is 
nearly  the  same  as  the  frequency  of  the  first  lateral  mode  in  a 

2- 2  composite  made  with  the  same  polymer  and  gap  width 
(2-2  composite  with  639c  ceramic  volume  fraction).  Hence, 
in  analogy  to  2-2  composites,  because  che  elastic  stiffness  of 
the  piezoceramic  is  much  higher  than  that  of  the  polymer,  the 
ceramic  can  be  viewed  approximately  as  having  stress  free 
boundary  condition  and  the  polymer  having  fixed  boundary 
condition  (both  m?  and  uj  are  zero  at  the  interface).  As^has 
been  demonstrated  in  our  earlier  paper.11  this  leads  to  the 
result  that  there  are  lateral  resonance  modes. in  a  composite 
whose  frequencies  are  determined  mainly  by  the  polymer 
gap  properties. 

VII.  SUMMARY 

A  dynamic  model  is  derived  for  the  analysis  of  the  ul¬ 
trasonic  performance  of  1-3  piezocomposites.  To  simplify 
the  mathematics.  1-3  composites  with  the  concentric  unit  cell 
was  treated  in  the  model  which  should  closely  resemble  the 
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unic  cell  of  a  1-3  composite  with  ceramic  rods  arranged  m  a 
hexagonal  lattice.  It  is  shown  that  the  model  can  descnoe  die 
thickness  resonance  of  1-3  composites  quite  well  m  the  fre¬ 
quency  range  away  from  the  mode  coupling  region.  In  addi¬ 
tion.  the  lateral  mode  frequencies  are  examined  expenmen- 
tallv  and  the  data  reveal  that  for  1-3  piezocomposites 
investigated  (the  elastic  stiffness  of  the  ceramic  is  much 
hi 'die”  than  that  of  polymen.  the  lateral  mode  frequencies  are 
determined  mainly  by  the  polymer  gap  width  and  shear  ve¬ 
locity.  The  result  provides  a  useful  guideline  for  the  design 
or  1-’  composite  transducers  and  is  also  important  for  e 
future"  development  of  theoretical  models  regarding  the  be¬ 
havior  of  lateral  modes  in  a  1-3  composite. 

In  the  article,  special  attention  is  also  paid  to  the  losses 
in  a  1-3  composite  and  it  is  found  that  the  quality  factor  of 
the  thickness  mode  for  a  composite  is  largely  detenmnea  by 
the  me^hanicai  Q  of  the  ceramic  and  its  coupling  to  the  poly¬ 
mer  chase.  which  seem  to  be  in  contrary  to  the  common 
belief  that  the  low  Q  in  a  composite  is  due  to  the  loss  in  the 
polvmer.  Even  for  a  composite  with  the  mechanical  Q  of  the 
poivmer  larger  than  that  of  the  ceramic,  the  quality  factor  (or 
mechanical  Q )  of  the  composite  is  lower  than  both  constitu¬ 
ents  It  is  found  that  the  phase  delay  between  the  strain  5~ 
and  stress  T-  in  the  ceramic  increases  significantly  m  the 
comnosice  compared  with  the  single  ceramic  matenai.  whicn 
-j,e  ^ain  reason  for  the  reduction  of  the  qualicv  factor  Q  m 
a  aomnosite.  On  the  other  hand,  the  coupling  with  the  ce¬ 
ramic  chase  reduces  the  phase  delay  between  the  strain  5;; 
anti  stress  T-  in  the  polymer  when  compared  with  that  in  che 
sinstie  chase  polymer.  Due  to  the  piezoelectric  coupling^  ooth 
tiie'dieiectric  and  piezoelecric  losses  affect  the  quality  -  actor 
of  a  piezocomposite. 
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5.25.1  INTRODUCTION 

Piezoelectric  composite  sensors  consist  of  an 
electrically  active  piezoelectric  phase  combined 
with  an  electrically  inert  second  phase.  Typi¬ 
cally,  this  second  phase  is  a  polymer,  although 
in  some  cases  it  is  a  metal.  This  chapter  will 
discuss  the  rationale  behind  this  approach  to 
sensor  design.  It  will  begin  with  a  brief  review  of 
piezoelectricity,  followed  by  the  important 
commercial  piezoelectric  sensor  materials  and 
their  relevant  properties,  and  subsequently  the 
need  for  incorporating  them  into  composite 
form.  The  chapter  will  conclude  by  discussing 
the  principle  two-phase  composite  sensor  con¬ 
figurations  and  their  properties,  the  main  com¬ 
mercial  manufacturing  techniques,  and  some 
practical  applications. 


5.25.2  PIEZOELECTRICITY 

Piezoelectric  materials  develop  an  electrical 
charge  on  their  electroded  faces  when  subjected 
to  stress.  They  also  exhibit  a  shape  change  that 
is  linearly  proportional  to  an  applied  electric 
field.  The  latter,  known  as  the  converse  piezo¬ 
electric  effect,  is  used  in  actuation  and  acoustic 
source  generation.  The  former,  called  the  direct 
piezoelectric  effect,  is  utilized  in  sensing 
changes  in  force,  displacement,  or  velocity. 

Physically,  piezoelectricity  describes  the  cou¬ 
pling  between  the  elastic  variables  (stress  and 
strain)  of  a  material  and  its  electrical  para¬ 
meters  (electric  field  and  dielectric  displace¬ 
ment).  There  are  four  piezoelectric  coefficients 
that  are  designated  as  d ,  e,  g,  and  h  by  conven¬ 
tion.  These  coefficients  are  not  independent  but 
rather  are  inter-related  through  the  material 
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dielectric  and  clastic  constants.  The  charge 
coefficient,  (I,  relates  (i)  the  applied  electric 
field  to  induced  strain  and  (ii)  stress  to  dielectric 
displacement.  The  stress  coefficient,  e,  relates  (i) 
applied  electric  field  to  stress  and  (ii)  strain  to 
dielectric  displacement.  The  voltage  coefficient, 
g,  relates  (i)  the  applied  stress  to  generated 
electric  field  and  (ii)  the  dielectric  displacement 
to  strain.  The  strain  coefficient,  A,  relates  (i) 
strain  to  electric  field  and  (ii)  dielectric  displa¬ 
cement  to  stress.  The  constitutive  equations  and 
the  relationships  between  the  piezoelectric  con¬ 
stants  can  be  found  in  any  quality  text  which 
covers  piezoelectricity  such  as  Moulson  and 
Herbert  (1992),  Rosen  et  at.  (1992),  Ikeda 
(1990),  Jaffe  et  al.  (1971),  and  Berlincourt 
et  al.  in  Mason’s  series  on  Physical  Acoustics 
(1964). 

The  constitutive  equations  show  that  piezo¬ 
electric  materials  exhibit  a  linear  relationship 
between  their  elastic  and  electrical  variables. 
This  is  only  true,  however,  at  low  levels  of  stress 
and  small  electric  fields.  The  effects  of  high 
mechanical  stress  on  nonlinearity  depend  pri¬ 
marily  on  the  orientation  and  frequency  of  the 
applied  stress  with  respect  to  the  polar  axis,  as 
well  as  the  electrical  load  conditions  (Berlin¬ 
court  et  al.,  1 964). 


5.25.3  PIEZOELECTRIC  MATERIALS 

Piezoelectricity  only  occurs  in  materials 
whose  crystal  structure  is  noncentric.  As  such, 
it  is  exhibited  in  certain  classes  of  crystals, 
ceramics,  and  polymers.  In  sensor  applications 
where  a  variable  has  to  be  monitored  over  a 
long  period  of  time,  piezoelectric  crystals  are 
typically  preferred  over  their  piezoelectric  cera¬ 
mic  counterparts  (Maines,  1989).  This  is  be¬ 
cause  crystals  have  much  more  stable 
piezoelectric  properties  compared  to  poled 
ceramics.  Even  though  some  piezoelectric  crys¬ 
tals  used  in  sensor  applications  occur  abun¬ 
dantly  in  nature,  they  are  more  commonly 
grown  synthetically.  To  be  of  practical  use, 
however,  they  must  be  oriented  and  cut  along 
specific  crystallographic  directions  to  obtain 
the  best  piezoelectric  response.  A  number  of 
important  piezoelectric  crystals  and  their  prop¬ 
erties  are  described  in  Ikeda  (1990)  and  by 
Bhalla  et  al.  (1993)  in  the  Landolt-  Bornstein 
tables.  The  most  common  ones  used  in  sensor 
applications  will  be  discussed  here  briefly. 

Piezoelectric  crystals  are  used  most  often  in 
accelerometers  and  specialty  hydrophones  (un¬ 
derwater  microphones).  Quartz  is  the  predomi¬ 
nant  material  used  for  accelerometers  (Maines, 
1989).  Lithium  sulfate  (because  of  its  large  gh 


coefficient)  and  tourmaline  are  two  piezoelec¬ 
tric  crystals  still  used  in  commercial  hydro¬ 
phones.  Tourmaline,  along  with  Rochelle  salt, 
are  used  in  hydrophones  designed  for  shock 
and  blast  measurements  (Wilson,  1988). 
Lithium  niobate  and  lithium  tantalate  are 
used  as  high-temperature  acoustic  sensors  be¬ 
cause  they  both  maintain  high  sensitivity  up  to 
400  °C  (Turner  et  al.,  1994). 

The  piezoelectric  materials  found  in  many 
force  and  displacement  sensors,  however,  are 
poled  polycrystalline  ferroelectric  ceramics. 
Ceramic  materials  in  general  are  characterized 
as  having  high  mechanical  strength  and  repro¬ 
ducible  properties,  possess  a  high  resistance  to 
severe  ambient  conditions  such  as  temperature, 
pressure,  and  humidity,  and  perhaps  most  im¬ 
portantly  can  usually  be  made  into  complex 
shapes  and  large  area  pieces  with  little  diffi¬ 
culty. 

Bulk  polycrystalline  ceramics  are  typically 
synthesized  via  a  high-temperature  solid-state 
reaction  of  mixed  oxides.  In  ferroelectric  cera¬ 
mics,  like-polarized  regions  within  each  ceramic 
grain  are  formed  as  the  ceramic  cools  through  a 
specific  temperature.  This  temperature,  known 
as  the  Curie  temperature,  depends  primarily  on 
the  chemical  composition  of  the  ceramic.  On  a 
macroscopic  scale,  these  like-polarized  regions 
(domains)  are  randomly  oriented  throughout 
the  ceramic,  resulting  in  no  preferred  polariza¬ 
tion  direction.  The  ferroelectric  is  therefore 
nonpiezoelectric. 

Piezoelectricity  is  induced,  however,  by  a 
process  known  as  poling.  During  poling,  a 
large  static  electric  field  is  applied  to  the  cera¬ 
mic  in  a  certain  direction  to  switch  the  polar¬ 
ization  axes  of  the  domains  to  those  directions 
(allowed  by  symmetry)  which  are  nearest  to 
that  of  the  applied  field  (Gallego-Jurez,  1989). 
When  the  electric  field  is  removed,  some  of  the 
more  highly  strained  domains  revert  to  their 
original  positions  (depolarization),  but  a  large 
majority  remain  aligned  (remnant  polariza¬ 
tion). 

When  poled,  polycrystalline  ferroelectrics  are 
often  referred  to  as  piezoelectric  ceramics,  or 
simply  piezoceramics  (Berlincourt  et  al.,  1964). 
The  piezoceramic  will  remain  in  a  poled  state 
until  it  is  either  subjected  to  a  mechanical  stress 
or  electric  field  (the  coercive  field)  sufficiently 
large  to  reorient  the  domains  or  until  it  is 
heated  above  its  Curie  temperature,  at  which 
time  its  crystal  structure  will  again  become 
centric  and  piezoelectricity  will  be  lost.  Depo¬ 
larization  over  a  long  period  of  time  (i.e., 
months  to  years)  due  to  internal  stress  relaxa¬ 
tion  is  known  as  aging. 

The  lead  zirconate  titanate  family  of  compo¬ 
sitions,  which  are  better  known  as  PZTs  (a 
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registered  trademark  of  Clevite  Corporation 
(Jaffe  and  Berlincourt,  1965)),  are  the  piezo¬ 
electric  ceramics  of  choice  for  many  sensor 
applications.  This  is  because  of  their  easily 
tailorable,  high  piezoelectric  properties  as  well 
as  their  high  electromechanical  coupling  and 
relative  ease  of  fabrication.  In  general,  lead 
zirconate  titanate  compositions  are  modified 
by  the  addition  of  very  small  amounts  (typically 
less  than  2mol.%)  of  either  donor  or  acceptor 
dopants.  The  addition  of  dopants  has  a  pro¬ 
found  impact  on  both  the  physical  and  electri¬ 
cal  properties  of  PZT.  Donor  dopants  cause 
cation  (metal)* vacancies  in  the  crystal  structure 
which  enhance  domain  reorientation  and  hence 
the  extrinsic  contribution  to  piezoelectric  prop¬ 
erties.  These  piezoelectrically  “soft”  PZTs  are 
characterized  by  large  piezoelectric  coefficients, 
large  dielectric  constants,  high  dielectric  losses, 

■  large  electromechanical  coupling  factors,  very 
high  electrical  resistance,  low  mechanical  qual¬ 
ity  factors,  a  low  coercive  field  and  poor  linear¬ 
ity  (Jaffe  and  Berlincourt,  1965;  Berlincourt, 
1981). 

Acceptor  dopants  cause  anion  (oxygen)  va¬ 
cancies  in  the  crystal  structure.  This  leads  to 
piezoelectrically  “hard”  PZTs.  Compared  to 
soft  PZTs,  hard  PZTs  have  lower  piezoelectric 
coefficients,  lower  permittivity,  lower  dielectric 
losses,  lower  electrical  resistivity,  a  higher  me¬ 
chanical  quality  factor,  higher  coercive  field, 
are  more  difficult  to  pole  and  depole,  and 
have  better  linearity  (Ikeda,  1990;  Berlincourt, 
1981).  Commercial  PZT  manufacturers  have 
developed  a  general  nomenclature  based  on 
US  military  specifications  (1995)  to  differenti¬ 
ate  the  different  PZT  types,  the  physical  and 
piezoelectric  properties  of  which  are  listed  in 
Table  1.  Piezoelectric  properties  can  show  sta¬ 
tistical  and  systematic  fluctuations  (up  to  20%) 
from  batch  to  batch  or  even  within  a  batch  due 
to  slight  chemical  differences,  variations  in  den¬ 
sity,  inhomogeneous  chemical  compositions, 
variations  in  grain  size,  and  varying  response 
to  the  poling  treatment,  etc.  (Berlincourt  et  al.y 
1964). 

Other  poled  piezoceramic  materials  are  used 
for  specialty  sensor  applications.  For  instance, 
lead  titanate  is  sometimes  used  as  a  hydrophone 
material  or  as  a  transceiver  for  use  in  medical 
diagnosis  when  it  is  doped  with  either  calcium 
or  strontium  (Ikeda,  1990;  Gall  ego- Jurez, 
1989).  This  is  due  to  its  strong  piezoelectric 
anisotropy.  When  doped  with  other  elements, 
lead  titanate  is  used  as  a  knock  sensor  in  auto¬ 
mobiles.  Its  higher  operating  temperature  range 
allows  it  to  be  mounted  closer  to  the  combus¬ 
tion  chamber,  giving  it  a  faster  response  time 
than  PZT  (Turner  et  ai ,  1994).  Because  of  the 
difficulty  in  making  and  poling  lead  titanate,  it 


is  not  used  in  more  applications.  Bismuth  tita¬ 
nate,  when  doped  with  sodium,  can  be  used  for 
accelerometers  at  temperatures  up  to  400  CC 
(Turner  et  aL,  1 994).  Lead  metaniobate,  a  mem-  m  TumcrR.  c. 
ber  of  the  tungsten  bronze  family,  is  often  used  w0095 
in  nondestructive  testing,  medical  diagnostic 
imaging,  and  for  deep  submergence  hydro¬ 
phones  (Wilson,  1988).  However,  problems  59wiisono.  b. 
such  as  a  high  level  of  porosity  and  relatively 
low  mechanical  strength  are  often  encountered 
in  its  use.  Antimony  sulfur  iodide  has  a  very 
high  gh  coefficient,  especially  when  it  is  mod¬ 
ified  with  4-8%  oxygen,  making  it  attractive  for 
some  hydrophone  applications.  It  can  only  be 
used  at  temperatures  below  34  °C  though  (Wil-  v 

SOn,  1988).  59  WilsonO.  b. 


5.25.4  SENSOR  CHARACTERIZATION  «oioo 

For  a  poled  ferroelectric  ceramic,  there  are 
five  nonzero  piezoelectric  coefficients.  They  are 
C31,  C32,  C33,  C24,  and  C15,  where  C  can  repre¬ 
sent  either  d ,  e,  g,  or  h.  Because  of  crystal 
symmetry,  C3l  =  C32  and  C24  “  Cj5.  In  the 
case  of  the  gfJ  coefficient,  the  first  digit  in  the 
subscript,  1,  refers  to  the  direction  in  which  the 
voltage  is  measured  and  the  second  digit,/,  re¬ 
fers  to  the  direction  of  the  applied  stress.  For  a 
piezoceramic  poled  in  the  3-  (or  thickness)  di¬ 
rection,  a  voltage  ( V3 )  will  be  generated  across 
the  electrodes  which  is  proportional  to  the  vol¬ 
tage  coefficient  (g33),  thickness  of  the  element 
(/),  and  magnitude  of  the  applied  stress  (ct3)  as: 

^3=<?33'ta3  (1) 

The  receiving  sensitivity  (M)  of  a  piezoelec-  «ono 
trie  is  equal  to  the  open  circuit  voltage  (V/)  that 
it  generates  due  to  an  applied  stress  (oj),  or 

M  *=  Vi/<jj  =  gij-t  (2a) 

Often,  the  sensitivity  is  reported  in  terms  of 
decibels  (dB)  referenced  to  1  volt  per  10”6 
Pascal  (pPa)  of  pressure  as 

A/(dB)  =  20  •  log  (^)  (0  dB  re  :  1  V/fiPa) 

(2b) 

The  sensitivity  needs  to  be  sufficiently  high  so 
that  the  generated  signal  can  be  detected  above 
the  background  noise.  In  practice,  the  gener¬ 
ated  signal  is  small  and  has  to  be  enhanced  by 
an  appropriate  charge  or  voltage  amplifier.  The 
sensitivity  is  maximized  when  the  g  coefficient  is 
maximized.  The  g  coefficient  is  related  to  the  d 
coefficient  through  the  material’s  dielectric  con¬ 
stant,  Kyi  as: 
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g  =  il/KjjZo 

where  e„  is  the  permittivity  of  free  space. 
Typically  a  large  capacitance,  which  is  directly 
proportional  to  dielectric  constant,  is  also  de¬ 
sirable  for  sensors  in  order  to  overcome  the 
electrical  losses  associated  with  the  cables.  Un¬ 
fortunately,  an  increase  in  dielectric  constant 
results  in  a  lower  voltage  coefficient,  as  seen  in 
the  aforementioned  equation.  A  flat  sensitivity 
response  over  the  frequency  band  of  interest  is 
another  desirable  characteristic  for  a  sensor. 

For  in-air  applications,  either  the  g33  (long¬ 
itudinal  mode)  or  the  g,5  (shear  mode)  coeffi¬ 
cient  of  the  piezoceramic  is  typically  utilized. 
When  operating  in  the  hydrostatic  mode  (i.e., 
when  the  incident  stress  is  equal  on  all  sides), 
the  tensor  coefficients  are  represented  as 
d/,  =  d3 3  +  2dy\  and  gi,  =  gw  +  2g3i.  Unfortu¬ 
nately,  for  poled  piezoceramics  (namely  PZT), 
the  d33  coefficient  is  approximately  twice  the 
magnitude  and  opposite  in  sign  to  the  d3\  coef¬ 
ficient  (see  Table  1).  Since  Kjj  for  most  ferro¬ 
electric  ceramics  is  very  large  (>  1000),  the  gh 
coefficient  is  also  small  (Equation  (3)).  As  a 
consequence,  the  voltage  generated  by  an  in¬ 
coming  pressure  wave  is  very  low.  In  order  to 
improve  the  sensitivity  of  the  piezoceramic,  it 
must  be  configured  in  such  a  way  that  the  effect 
of  the  hydrostatic  pressure  is  minimized.  This 
usually  takes  the  form  of  air  backing  one  side  of 
the  ceramic  element,  encapsulating  part  of  the 
ceramic  in  a  soft  polymer  to  absorb  a  portion  of 
the  hydrostatic  stress,  or  incorporating  air 
spaces  into  the  sensor  itself. 

A  figure-of-merit,  the  d *  •  gi,  product,  is  often 
reported  as  a  measure  of  the  quality  of  the 
sensing  capability  of  the  piezoelectric  element 
or  to  compare  different  hydrophone  materials 
(Bhalla  and  Ting,  1988).  Quantitatively,  it  is 
used  to  ascertain  the  type  of  amplifier  required 
in  the  electronic  circuitry  to  overcome  the  self¬ 
noise  of  the  system.  In  the  case  of  piezocompo¬ 
sites,  the  dh-gh  product  should  be  normalized 
by  the  volume  of  the  device  in  order  to  make 
accurate  comparisons  between  the  different 
configurations  (Gabrielson,  1 997). 


5.25.5  COMPOSITES 

The  basic  idea  behind  a  composite  structure 
is  to  maximize  the  desirable  traits  of  each  com¬ 
ponent  in  the  composite  while  minimizing  the 
effects  of  the  less  desirable  features.  In  a  two- 
phase  composite,  each  individual  phase  can  be 
connected  to  itself  throughout  the  volume  of 
the  composite  in  either  0,  1,  2,  or  3  directions. 
The  connectivity  of  the  individual  phases  is  of 
utmost  importance  because  it  controls  the  elec¬ 


tric  flux  pattern  as  well  as  the  mechanical  prop¬ 
erties  of  the  composite.  Both,  in  turn,  can  be 
changed  by  orders  of  magnitude  depending  on 
how  the  individual  phases  are  connected  (Pil¬ 
grim  et  al.,  1987). 

The  notation  used  to  denote  the  different 
connectivity  patterns  is  known  as  the  Newnham 
connectivity  (or  classification)  system  (Pilgrim 
et  al.,  1987;  Newnham  et  al.,  1978).  The  con¬ 
vention  is  for  the  connectivity  of  the  active 
phase  to  appear  first,  followed  by  the  connec¬ 
tivity  of  the  passive  phase  (Pilgrim  et  al.,  1987). 
There  are  16  possible  two-phase  piezocompo¬ 
site  structures.  The  configurations  for  which 
sensitivity  measurements  have  been  reported 
are  shown  schematically  in  Figure  1 . 


5.25.5.1  Piezoelectric-Polymer  Composites 

The  two  most  common  composite  types  used 
for  sensor  applications  are  those  with  0-3  and  1- 
3  connectivity.  The  remainder  of  this  chapter 
will  focus  on  describing  in  more  detail  the 
manufacturing  techniques,  properties,  and 
some  practical  applications  for  these  two 
types  of  piezocomposite.  Other  configurations 
for  which  sensitivity  results  have  been  reported 
will  also  be  briefly  discussed  for  the  sake  of 
completeness. 

Piezocomposites  with  0-3  connectivity  con¬ 
sist  of  tiny  nontouching  piezoelectric  particu¬ 
lates  randomly  dispersed  within  a  chloroprene 
rubber  host  matrix.  These  composites  are  char¬ 
acterized  by  their  mechanical  robustness,  flex¬ 
ibility,  and  by  their  good  acoustical  impedance 
match  to  air  and  especially  water.  Currently, 
the  primary  commercial  manufacturer  of  0-3 
type  piezocomposites  is  the  NTK  Technical 
Ceramics  Division  of  the  NGK  Spark  Plugs 
Corporation  in  Japan.  NTK  markets  their  pro¬ 
ducts  under  the  tradename  Piezo  Rubber 
(usually  abbreviated  as  PR  or  PZR).  Although 
the  PZT  family  predominates  as  the  active 
phase  in  most  other  piezocomposite  designs, 
lead  titanates  (PTs)  are  preferred  in  the  0-3s 
(Newnham  et  al.,  1984;  Banno,  1983).  The 
reason  for  this  is  the  large  piezoelectric  aniso¬ 
tropy  inherent  in  lead  titanate  and  modified 
lead  titanates,  which  ultimately  results  in  a 
higher  piezoelectric  activity  in  the  poled  com¬ 
posite. 

Piezo  Rubbers  are  fabricated  by  rolling  a 
well-dispersed  ceramic-rubber  mixture  into 
thin  («5mm)  large  surface  area  sheets  using  a 
hot  roller,  followed  by  an  additional  heat  and 
pressure  treatment  (Banno,  1990).  Finally,  both 
the  upper  and  lower  surfaces  are  electroded 
using  an  elastomer-based  silver  coating.  Be- 
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cause  the  individual  ceramic  particulates  in  the 
composite  are  all  surrounded  by  a  low  permit¬ 
tivity  dielectric  polymer,  poling  requires  a  very 
large  static  electric  field.  Fields  of  the  order  of 
lOOkVcm-1  applied  for  1  h  are  not  unreason¬ 
able.  Adequate  poling  can  be  accomplished  at 
much  lower  fields  (35-40 kV cm-1)  and  for 
shorter  poling  times  (a  few  minutes)  if  a  small 
amount  (about  1.5%)  of  carbon  is  added  to  the 
polymer  matrix  during  the  mixing  stage  (Newn- 
ham  el  al..  1984).  Unfortunately,  the  addition 
of  carbon  contributes  to  an  increase  in  the  di¬ 
electric  dissipation  loss  (and  subsequently 
Johnson  noiSfe)  in  the  composite.  As  a  conse¬ 
quence,  the  sensor  signal-to-noise  ratio  is  re¬ 
duced.  An  alternative  approach  to  reduce  the 
poling  field  without  introducing  an  electrically 
conducting  material  into  the  system  is  to  delib¬ 
erately  select  a  polymer  host  matrix  with  a 
relatively  high  temperature  coefficient  of  resis¬ 
tivity.  By  poling  the  composite  at  an  elevated 
temperature,  it  becomes  possible  to  use  the 
improved  ceramic/polymer  resistivity  balance 
to  give  saturation  poling,  while  at  the  same 
time  retaining  the  low  resistivity  and  low  loss 
at  the  temperatures  of  operation  (Twiney, 
1992)' 

In  addition  to  sheet  form,  NTK  also  manu¬ 
factures  0-3s  in  the  form  of  long  thin  wires 
under  the  tradename  Piezo  Wire.  NTK  Piezo 
Wire  is  marketed  primarily  as  a  flexible  accel¬ 
eration  sensor,  although  it  can  also  be  used  as  a 
pick  up  for  an  electric  piano  or  electric  guitar, 
stretched  across  a  street  to  monitor  traffic  flow, 
or  wrapped  around  the  body  to  detect  heart 
sound  and  blood  pressure.  Research  has  also 
included  using  0-3s  in  smart  systems  to  actively 
control  acoustic  noise  (Salloway,  1996).  In  ad¬ 
dition,  it  has  been  investigated  as  a  potential 
thin-layer  vibration  detector  which  can  be 
coated  directly  onto  a  structure  due  to  its 
paint-like  texture  in  the  initial  stage  of  manu¬ 
facture  (Egusa  and  Iwasawa,  1994). 

Table  2  shows  the  relevant  low-frequency 
properties  of  various  Piezo  Rubber  composi¬ 
tions.  The  various  numerical  designations  are 
based  on  different  ceramic  powder  volume  frac¬ 
tions  and/or  different  particle  size  distributions. 
The  dielectric  constant  of  each  of  the  compo¬ 
sites  is  much  less  than  that  of  the  lead  titanate 
active  phase  (see  Table  1)  due  to  the  presence  of 
the  polymer  matrix.  Nevertheless,  the  acoustic 
impedance,  dielectric  constant,  and  dielectric 
loss  are  approximately  constant  for  all  the  PR 
types  shown.  The  low  characteristic  impedance 
implies  that  the  Piezo  Rubbers  have  a  better 
acoustic  impedance  match  to  either  an  air  or 
water  medium  than  does  the  ceramic  alone.  The 
reduction  (compared  to  the  monolithic  cera¬ 
mic)  and  the  variation  in  the  dh  coefficients 


are  a  result  of  the  change  in  the  volume  fraction 
of  ceramic  present  from  one  PR  type  to  an¬ 
other.  The  large  increase  in  the  gh  coefficient  is 
due  to  the  associated  decrease  in  dielectric  con¬ 
stant. 

Figure  2  shows  the  frequency  dependence  of  «oiis 
the  receiving  sensitivity  (as  defined  by  Equation  F002 
2(b))  for  four  different  types  of  Piezo  Rubbers 
when  used  as  a  hydrophone.  The  nearly  fiat 
sensitivity  response  between  10  Hz  and  10  kHz 
indicates  that  they  can  be  used  effectively  over 
this  entire  frequency  band.  The  pressure  depen¬ 
dencies  of  the  receiving  sensitivity  (measured  at 
160  Hz)  for  these  same  PR  types  (plus  06)  are 
compared  in  Figure  3.  As  a  rule  of  thumb,  the  fooj  v 
pressure  in  MPa  is  equivalent  to  100  m  of  water 
depth.  The  sensitivity  of  PR-305  is  the  most 
pressure  dependent.  This  was  attributed  to  the 
presence  of  porosity  in  the  epoxy  matrix 
(Banno  et  al.,  1987).  The  other  compositions  4  BumoH. 
are  approximately  pressure  independent  up  “ 
through  15  MPa.  Taking  into  account  the 
thickness  of  the  various  Piezo  Rubbers  in  the 
figure,  their  receiving  sensitivities  are  20-40  dB 
better  than  bulk  PZT  and  up  to  10  dB  better 
than  pure  lead  titanate  (see  Table  1).  The  dielec¬ 
tric,  piezoelectric,  and  elastic  properties  of  0-3 
composites  also  vary  as  a  function  of  tempera¬ 
ture.  These  property  variations  are  attributed 
to  the  transition  of  the  polymer  matrix  from 
stiff  glass-like  to  soft  rubber-like  behavior  as 
the  temperature  is  increased  (Rittenmyer  and 
Dubbelday,  1992).  40  Ritiramyei-K. 

Piezoelectric-polymer  composites  with  1-3  koiss 
connectivity  consist  of  parallel  aligned  piezo- 
ceramic  (generally  PZT)  rods  or  fibers  im¬ 
bedded  within  a  three-dimensional  polymer 
host  matrix  (Figure  1).  This  composite  design 
is  intended  to  operate  in  its  pure  thickness 
mode.  The  1-3  type  composites  have  been 
used  effectively  as  sensors  at  frequencies  span¬ 
ning  from  Hz  to  MHz.  When  used  solely  as  a 
sensor,  the  volume  fraction  of  PZT  in  the  com¬ 
posite  is  generally  between  5  and  25%.  When 
used  for  both  transmit  as  well  as  receive,  the 
optimum  PZT  volume  fraction  is  between  30 
and  50%.  As  such,  1-3  type  piezocomposite 
sensors  are  generally  much  lighter  in  weight 
than  their  0-3  counterparts. 

The  polymer  phase  in  a  1-3  composite  serves  «oi9o 
a  dual  purpose.  First,  it  improves  the  mechan¬ 
ical  compliance  as  well  as  the  acoustic  impe¬ 
dance  match  to  either  air  or  water  compared  to 
the  monolithic  ceramic.  Second  and  most  im¬ 
portantly,  the  polymer  acts  as  a  stress  transfer 
mechanism  to  decouple  the  longitudinal  and 
transverse  contributions  of  the  piezoceramic 
to  a  hydrostatic  stress.  When  subject  to  a  hy¬ 
drostatic  stress,  there  are  three  contributions  to 
the  hydrostatic  piezoelectric  voltage  coefficient, 
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£h,  of  the  composite  (Smith,  1993).  The  first 
comes  from  the  composite  g33,  in  which  the 
longitudinal,  or  axial,  stress  is  transferred  di¬ 
rectly  to  the  piezoceramic  rods.  The  second 
contribution  comes  from  the  composite  g3j.  In 
this  case,  the  transverse  stresses  are  transmitted 
to  the  sides  of  the  piezoceramic  elements  via  the 
polymer.  The  third  contribution  also  arises 
from  the  composite  g31.  When  squeezed  from 
all  sides,  the  polymer  bulges  due  to  the  Poisson 
ratio  effect,  pulling  on  the  ceramic  rods  and 
lengthening  them.  This  g3l  contribution  from 
the  composite  effectively  counteracts  the  g33 
contribution  and  consequently  lowers  the  gh 
of  the  structure.  The  effectiveness  of  the  stress 
transfer  is  characterized  by  a  stress  amplifica¬ 
tion  factor  which  depends  on  the  individual  rod 
diameters,  the  rod-to-rod  spacing,  the  volume 
percent  and  arrangement  of  the  rods,  as  well  as 
the  stiffness  of  the  polymer.  Under  a  hydro¬ 
static  pressure,  the  stress  amplification  factor  is 
practically  reduced  by  a  factor  of  (l-2v),  where 
v  is  the  Poisson  ratio  of  the  polymer  phase  (Cao 
et  ai ,  1992).  Since  the  applied  stress  incident  on 
a  1-3  piezocomposite  is  designed  to  be  carried 
mainly  by  the  piezoceramic  rods,  a  pressure- 
induced  depolarization  effect  also  occurs  in  the 
rods.  This  effect  can  become  quite  pronounced  . 
under  large  loads  as  well  as  for  a  low  volume 
fraction  of  rods,  which  is  often  the  preferred 
design  choice  for  sensor  applications.  When 
used  under  these  conditions,  the  performance 
of  a  1-3  piezocomposite  degrades,  causing  re¬ 
liability  problems  in  the  device. 

Various  modifications  to  the  1-3  composite  . 
design  have  been  investigated  in  an  attempt  to 
alleviate  these  problems.  The  preferred  solution 
is  to  incorporate  air  pockets  into  the  structure 
to  absorb  the  lateral  strain.  This  has  been  done 
by  drilling  air  holes  through  the  epoxy  matrix  in 
a  direction  parallel  to  the  ceramic  rods  (Hos- 
sack  and  Bedi,  1994)*  eliminating  the  interface 
between  the  rods  and  polymer,  instead  allowing 
the  stress  transfer  to  be  realized  by  armature 
plates  located  on  the  upper  and  lower  surfaces 
of  the  composite  (Eyraud  et  al. ,  1994),  and 
utilizing  hollow,  radially  poled  piezoceramic 
tubes  which  operate  in  the  g3J  rather  than  the 
g33  mode  (Zhang  et  al.,  1993;  Wang  et  al ., 
1995).  This  latter  design  also  has  the  advantage 
of  not  depoling  under  high  pressures.  Incorpor¬ 
ating  a  softer  polymer  phase  between  the  cera¬ 
mic  rods  and  the  stiffer  polymer  matrix  has  also 
been  tried  (Kim  et  al .,  1 994),  as  well  as  a  glass 
fiber  reinforcement  phase  in  the  lateral  direc¬ 
tion  to  support  the  transverse  direction  stress 
(Haun  et  al .,  1986).  All  these  solutions,  how¬ 
ever,  add  complexity  and  manufacturing  cost  to 
the  composite. 

The  two  primary  commercial  methods  used 


to  manufacture  1-3  piezocomposites  are  the 
dice-and-fill  technique  and  injection  molding. 

The  technology  used  typically  depends  on  the 
desired  properties  of  the  end  product.  For  the 
dice-and-fill  technique  (Savakus  et  al.,  1981),  a  45SavakusH.  p. 
diamond  saw  is  used  to  cut  perpendicular 
grooves  nearly  through  a  piezoceramic  plate 
to  form  rows  and  columns  of  pillars.  A  suitable 
polymer  is  then  vacuum  cast  into  the  grooves. 

After  the  polymer  has  cured,  the  ungrooved 
backplate  is  ground  away  and  the  composite 
is  polished  to  the  desired  thickness.  The  com¬ 
posite  assembly  is  completed  by  electroding 
both  the  upper  and  lower  surfaces  and  poling. 

The  dice-and-fill  technique  limits  the  shape  of  «022o 
the  pillars  to  be  square  or  rectangular.  Pillars 
1 00  pm  on  edge  and  groove  sizes  down  to  25  pm 
can  be  achieved  (Janas  and  Safari,  1995;  Smith,  29  janasv.  f. 
1992).  Both  are  limited  by  the  machinability  of  smithw.  a. 
the  ceramic  as  well  as  the  width  of  saw  blade. 

The  dice-and-fill  technique  is  adequate  for  the 
production  of  small  area  samples,  such  as  re¬ 
quired  in  medical  transducers.  However,  it  is 
not  cost  effective  and  is  too  time  consuming  for 
applications  requiring  large  area  coverage. 

Manufacturing  1-3  composites  for  large  area  5x0225 
coverage  is  better  suited  to  injection  molding. 

In  order  to  perform  the  injection  molding  tech¬ 
nique,  the  piezoceramic  powder  first  has  to  be 
thoroughly  mixed  with  a  suitable  organic  bin¬ 
der  which  acts  as  a  carrier  during  molding, 
allowing  its  transfer  as  a  viscous  fluid  under 
heat  and  pressure  (Bowen  et  al.,  1993).  This  hot  10  BowcnL.  j. 
thermoplastic  mixture  is  then  rammed,  or  in¬ 
jected,  into  a  cold  metal  mold  which  is  the 
negative  of  the  desired  end  product.  This  gives 
a  green  (i.e.,  unfired)  ceramic  preform.  When 
the  preform  has  been  ejected  from  the  mold,  it  is 
slowly  heated  to  bum  out  the  organic  binder 
before  being  sintered.  The  sintered  preform  is 
electroded,  poled,  encapsulated  in  a  polymer, 
and  has  the  backing  plate  ground  off  (in  that 
order).  Injection  molding  is  a  fast  and  simple  *x023o 
net-shape  process  which  can  provide  dense, 
large  area  pieces  with  different  rod  shapes,  ar¬ 
rangements,  and  diameters.  The  most  expensive 
feature  of  this  technique  is  the  production  of  the 
mold.  The  primary  commercial  manufacturer 
of  injection  molded  1-3  piezocomposites  at  the 
present  time  is  Material  Systems  Incorporated 
(MSI)  in  the  USA.  Their  composites,  sold 
under  the  tradename  SonoPanels,  can  have 
rod  diameters  between  70  pm  and  5  mm  with 
thicknesses  upwards  of  25  mm.  In  addition, 
ceramic  volume  fractions  have  ranged  from  1 5 
to  40%  (Bowen  et  al.,  1993,  1996).  10  BowenL.  j. 

There  has  been  a  long-term  interest  by  the  ISfiKF1” 

US  Navy  in  developing  piezocomposites  for 
underwater  sensor  applications  because  of 
their  high  hydrostatic  sensitivity  response. 
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Over  Ihe  years,  this  research  effort  has  resulted 
in  the  development  of  the  piezo-polymer  PVDF 
as  well  as  0-3  piezocomposites.  Advancement  of 
the  1-3  type  piezocomposites,  however,  was 
hindered  due  to  the  lack  to  manufacturing  tech¬ 
nology.  With  the  advent  of  advanced  proces¬ 
sing  methods,  including  the  highly  successful 
injection  molding  technique  previously  de¬ 
scribed,  the  advantages  of  the  1-3  piezocompo¬ 
sites  are  now  being  realized.  For  example,  one 
application  is  a  hull-mounted  conformal  array 
for  acoustical  detection.  Other  recent  applica¬ 
tions  based  on  the  advanced  material  proces¬ 
sing  capabilities  include  in-air  and  in-water 
active  control  applications  which  use  1  -3s  con¬ 
sisting  of  integrated  pressure  sensors,  acceler- 
22  GemiimanR.  ometers,  and  actuators  (Gentilman  et  al.,  1996; 
i6  HoreD.  Fiore  et  al.,  1 997a,  1 997b;  Corsaro  et  al.,  1 997). 
n  c'omroR.  d.  A  photograph  of  the  cutaway  of  a  panel  used 
for  vibration  control  applications  is  shown  in 
paw  Figure  4. 

s&o24o  Additional  interest  in  1-3  piezocomposites 

include  their  use  in  medical  pulse-echo  ultraso¬ 
nic  transducers  for  acoustic  imaging.  The  pri¬ 
mary  manufacturers  of  ultrasonic  probes  that 
feature  1-3  piezocomposite  materials  as  the 
active  component  have  been  Phillips  Medical 
Systems,  Echo  Ultrasound,  Acuson,  Acoustic 
Imaging,  Precision  Acoustic  Devices,  Hitachi, 
48  smiihw.  a.  and  Siemens  AG  (Smith,  1992;  Oakley,  1991; 
m  winin?wkley‘  Wersing,  1986;  Takeuchi  et  al..  1984).  Medical 
soTukeuchiH.  ultrasonic  transducers  use  the  1-3  design  be¬ 
cause  of  their  lower  acoustic  impedance  match¬ 
ing  to  the  medium,  higher  bandwidth,  and 
clean,  mode-free  operations. 

«o245  The  receiving  sensitivity  as  a  function  of 

frequency  for  a  6.3  mm  thick  1-3  piezocompo¬ 
site  (SonoPanel™)  containing  15  vol.%  PZT- 
5H  rods  each  1.15  mm  in  diameter  is  shown  in 
foo5  Figure  5.  The  receive  sensitivity  is  quite  high  at 

about  — 186 dB,  re:lVpPa  ,  and  is  nearly 
constant  from  1  kHz  to  almost  100  kHz.  The 
sensitivity  of  the  composite  is  over  30  dB  higher 
than  monolithic  PZT-5H  of  the  same  thickness 
and  also  compares  well  to  a  0-3  Piezo  Rubber. 
tx025o  The  pressure  dependence  of  the  receive  sen¬ 

sitivity  (measured  at  both  4°C  and  29  °C  at 
1  kHz)  of  a  1-3  type  piezocomposite  is  shown 
foo6  in  Figure  6.  The  composite  contains  30  vol.% 

PZT-4  rods  each  1  mm  on  edge  and  3  mm  thick 
and  is  encapsulated  in  an  epoxy  resin.  The 
response  is  Hat  up  to  at  least  1 5  MPa  of  pres¬ 
sure.  Compared  to  the  1-3  piezocomposite  in 
Figure  5,  the  lower  sensitivity  response  in  this 
case  is  likely  due  to  a  combination  of  effects 
from  different  PZT  type,  different  epoxy 
matrix,  and  thinner  sample. 

sx0255  The  low  frequency  properties  of  1-3  piezo- 

too3  composites  are  shown  in  Table  3.  In  compar¬ 

ison  with  0-3  piezocomposites,  the  l-3s  exhibit 


higher  cfo  and  dh  coefficients,  indicating  that 
they  make  better  electromechanical  actuators 
and  acoustic  transmitters.  Conversely,  the  l-3s 
have  comparable  or  slightly  lower  gh  constants 
(due  to  their  higher  dielectric  constants).  This 
indicates  that  l-3s  and  0-3s  are  roughly  equiva¬ 
lent  in  terms  of  receive,  or  sensor,  capability. 

However,  because  of  the  lower  dielectric  dissi¬ 
pation  of  1-3  piezocomposites  compared  to  the 
0-3s,  the  self-noise  level  is  3-6  dB  less  for  1-3 
devices  (Geil  and  Matteson,  1992;  Geil  et  al.,  20  g«if. 
1996).  Another  advantage  that  the  1-3  config-  21  g<»if.  g. 
uration  has  over  the  0-3  design  is  in  design 
tailorability.  The  1-3  design  can  be  easily  mod¬ 
ified  to  change  the  mechanical  resonance  fre-  v 
quency  and  the  mechanical  Q,  as  well  as  other 
aspects. 

Other  piezocomposite  connectivities  schemes  «x026o 
are  either  in  the  developmental  stage,  such  as 
the  3-3s,  or  essentially  have  been  abandoned 
because  they  are  too  difficult/costly  to  manu¬ 
facture  or  show  no  significant  advantage  over 
the  0-3  or  1  -3  type  piezocomposites  (i.e.,  the  2- 
2s).  Composites  with  3-3  connectivity  were  in¬ 
itially  fabricated  by  a  technique  known  as  the 
replamine  process  (Skinner  et  al.,  1978)  which  is  47  siunnerD.  p. 
the  lost  wax  replication  of  a  coral  skeleton. 

Since  then,  additional  technologies  have  been 
developed  such  as  the  fugitive  phase,  or 
BURPS  (BURned  out  Polymer  Spheres),  pro¬ 
cess  (Shrout  et  al.,  1979;  Rittenmyer  et  al.,  46Shrourr.  r. 

1 982)  which  produces  a  porous  three-dimen-  41  RiuenmyerK. 
sionally  interconnected  ceramic  structure  by 
sintering  a  compacted  mixture  of  volatilizable 
plastic  spheres  and  PZT  powder.  A  reticulated  «0265 
ceramic  technology  (Creeden  and  Schulze, 

1 996)  and  solid  freeform  fabrication  (Bandyo-  13  owdenM.  j. 
padhyaye/  al.,  1997)  are  two  recently  developed  1  Bmdyopad- 
potential  manufacturing  methods.  In  the  latter 
technique,  a  honeycomb-like  piezoceramic 
structure  is  built  up  layer  by  layer  by  compu¬ 
ter-aided  fused  deposition  technology.  The 
ceramic  lattice  is  then  backfilled  with  polymer 
and  electroded  to  complete  the  composite. 

In  some  3-3  composites,  the  passive  phase  is  1*0270 
air  rather  than  polymer.  This  kind  of  composite 
is  called  a  porous  piezoceramic  composite.  Mit¬ 
subishi  Mining  and  Cement  (now  Mitsubishi 
Materials)  has  developed  several  techniques  for 
introducing  connected  porosity  into  PZT  cera¬ 
mics:  reactive  sintering,  foaming  agents,  or¬ 
ganic  additives,  and  careful  control  of  particle 
size  and  firing  conditions  (Gururaja  et  al., 

1988).  The  receiving  sensitivity  of  such  a  com-  23  0umr»j»T.  r. 
posite  is  shown  in  Figure  7.  This  composite  fSoi5 
exhibits  a  nearly  constant  receive  sensitivity  of 
— 207  dB,  re:  IV  pPa-1,  from  1  kHz  through 
40  kHz.  When  the  gh  constant  of  this  composite 
was  measured  as  a  function  of  hydrostatic  pres¬ 
sure,  a  nearly  fiat  response  was  observed  up 
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through  60  MPa.  At  this  pressure,  the  response 
had  decreased  by  only  1  dB  from  its  initial  value 
(Ting,  1990). 

Conventional  composites  exhibiting  3-1  and 
3-2  connectivity  consist  of  a  PZT  block  with 
holes  drilled  through  either  one  side  (3-1)  or 
both  sides  (3-2)  in  a  direction  perpendicular  to 
the  poled  direction  of  the  PZT.  The  holes  are 
subsequently  back-filled  with  polymer.  In  3-1 
and  3-2  composites  manufactured  in  this  way, 
the  dielectric  constant,  as  well  as  the  dh  and  gh 
coefficients,  are  all  functions  of  hole  size,  PZT 
thickness,  poling  technique,  and  center-to-cen- 
ter  distance  between  adjacent  holes  (Safari  et  ai, 
1982).  The  receiving  sensitivity  for  a  typical  3-1 
piczocomposite  at  three  different  frequencies  is 
shown  in  Figure  8.  The  response  is  relatively 
independent  of  frequency  and  pressure  up 
through  6  MPa.  A  higher  response  is  generated 
in  the  3-2  composite  because  of  its  greater 
mechanical  compliance.  The  primary  draw¬ 
backs  of  these  latter  two  configurations  are  in 
manufacturing,  durability,  and  mechanical 
flexibility. 


5.25.5.2  Piezoelectric-Metal  Composites 

In  ceramic-metal  composites,  metal  face¬ 
plates,  shells,  or  caps  are  mechanically  coupled 
to  both  the  active  ceramic  as  well  as  the  sur¬ 
rounding  medium  and  are  the  means  by  which 
the  incident  stress  is  transferred  to  the  piezo¬ 
ceramic.  The  best  ceramic-metal  composite 
sensors  are  the  flextensional-type  transducers. 
In  a  flextensional  sensor,  the  flexural  vibration 
of  the  metal  shell  causes  an  extensional  (or 
contractional)  vibration  in  the  piezoelectric  ele¬ 
ment.  Flextensional  transducers  are  typically 
quite  massive,  in  terms  of  both  size  and  weight. 
The  “moonie”  and  “cymbal”  type  transducers 
are  miniaturized  versions  of  flextensionals. 

The  moonie  and  cymbal  transducers  possess 
2-(0)-2  connectivity.  These  transducers  consist 
of  a  piezoceramic  disk  sandwiched  between  two 
metal  caps,  each  of  which  contains  a  shallow 
air-filled  cavity  on  its  inner  surface.  In  the  case 
of  the  moonie,  the  cavities  are  in  the  shape  of  a 
half-moon,  whereas  the  cymbal  has  a  truncated 
cone-shaped  cavity  (Figure  9).  The  presence  of 
these  cavities  allows  the  metal  caps  to  serve  as 
mechanical  transformers  for  converting  and 
amplifying  a  portion  of  the  incident  axial-direc¬ 
tion  stress  into  tangential  and  radial  stresses  of 
opposite  sign.  Thus,  the  g3i  and  g33  contribu¬ 
tions  of  the  PZT  now  add  together  (rather  than 
subtracting)  in  the  effective  gh  of  the  device 
(Tressler  et  al. ,  1 995).  For  a  moonie  transducer, 
an  effective  dhgh  product  exceeding 


50000  x  10-15  m2  N-1  is  achievable  (Xu 
et  al.,  1991).  A  cymbal  transducer,  on  the  mxuq.  c. 
other  hand,  can  exhibit  an  effective  dh  -gh  pro- 
duct  exceeding  100000  x  10-15  m2  N  1 
because  of  its  more  efficient  stress-transfer 
mechanism  (Tressler  et  al.,  1995).  The  higher  53  Tresterj.  f. 
sensitivity  in  the  case  of  the  cymbal  compared 
to  the  moonie  is  at  the  expense  of  an  increase  in 
pressure  dependence  in  its  performance.  Flex¬ 
tensional  moonie-type  transducers  have  seen 
extensive  use  as  the  sensor  component  in 
towed  arrays  used  for  underwater  oil  explora¬ 
tion. 


5.25.6  SUMMARY  «0305 

The  sensitivity  (M)  of  a  piezoelectric  is  a 
function  of  its  voltage  coefficient  (g,y)  and  its 
thickness  ( t )  as  M  =  g,j  ■  t.  A  poled  piezoelectric 
ceramic  such  as  PZT  has  five  nonzero  coeffi¬ 
cients:  £31  =  £32.  £33.  and  £15  =  £24-  For  in-air 
applications,  either  the  £33  (longitudinal  mode) 
or  £15  (shear  mode)  coefficients  are  typically 
used.  When  used  in  a  hydrostatic  mode,  such 
as  when  fully  immersed  in  water,  the  sensitivity 
is  proportional  to  the  hydrostatic  g-coefficient 
(gh)  which  is  equal  to  £33  +  2g31.  For  a  poled 
piezoelectric  ceramic,  £33  «-2g3i  due  to  crystal¬ 
lographic  symmetry  arguments.  Thus,  the  sen¬ 
sitivity  of  a  monolithic  piezoelectric  ceramic 
under  hydrostatic  conditions  is  rather  low. 

This  is  the  main  reason  why  piezoelectric  cera¬ 
mics  are  incorporated  into  composite  config¬ 
urations. 

Piezoceramic-polymer  composites  are  de-  n03io 
signed  to  eliminate  either  the  g3i  or  g33  contri¬ 
bution  to  gh.  The  manner  in  which  the  ceramic 
and  polymer  are  self-connected  throughout  the 
composite  volume  has  a  marked  effect  on  its 
properties.  Composites  with  0-3  connectivity 
are  typically  in  the  form  of  flexible  rubber 
sheets.  They  are  characterized  by  high  sensitiv¬ 
ity,  high  pressure  tolerance,  a  broad  operating 
bandwidth,  as  well  as  a  good  acoustical  impe¬ 
dance  match  to  air  or  water.  Piezocomposites 
with  1-3  connectivity  have  roughly  the  same 
performance  characteristics  as  0-3s.  Physically, 
though,  they  are  more  rigid,  lighter  in  weight, 
and  can  be  more  easily  tailored  to  application- 
specific  needs.  As  seen  in  Table  3,  other  piezo-  «x03is 
composite  designs  have  not  shown  any  marked 
advantage  over  the  0-3  or  1-3  composite  de¬ 
signs.  Piezoceramic-metal  composites  (flexten¬ 
sional  devices)  exhibit  very  high  sensitivity 
because  they  are  engineered  such  that  the  g33 
and  £31  coefficients  of  the  piezoceramic  con¬ 
structively  contribute  to  the  gh  of  the  device 
(i.e.,  they  effectively  add  together  rather  than 


IOI  |>IUWI 


I  ~J  I 


sx0320 

l 

-  2 

3 

4 

5 

6 

7 


8 

9 

10 

11 

12 

13 

14 

15 

QAI 

16 

17 

18 


References 


9 


subtract).  Compared  to  the  aforementioned 
piezoccramic-polymer  composites,  metal  cera¬ 
mic  composites  have  a  much  narrower  operat¬ 
ing  bandwidth  and  show  more  highly  pressure- 
dependent  performance  characteristics. 
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Table  1  Room  temperature  piezoelectric  properties  of  common  piezoceramic  materials. 


Military  specification 

Commercial  specification 

T, r 

di3 

dy  i 

dx  5 

M* 

Type  I 

PZT-4 

328 

289 

— 123 

96 

1300 

-229 

Type  II 

PZT-5A 

365 

374 

-171 

584 

1700 

-234 

Type  III 

PZT-8 

300 

218 

-93 

330 

1000 

-229 

Type  V 

PZT-5J 

250 

500 

-220 

670 

2600 

-232 

Type  VI 

PZT-5H 

193 

593 

-274 

741 

3400 

-236 

— 

(Pb,Ca)TiOi 

255 

68 

-3 

71 

209 

-209 

Source:  Gallego-Juurez,  <  19  >  1989;  Jufle  and  Bcrlincourt.  <  27  >  1965;  Morgan  Matroc<33>  Vemitron  Piezoelectric  Division.  <56  > 
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Table  2  Properties  of  0*3  Piezo  Rubber  composites. 


Source:  NTK  Technical  Ceramics.  <  37  > 
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Table  3  Comparison  of  typical  low-frequency  piezoelectric  properties  of  various  piezocomposite  structures. 


Type 


Kjs 


dk 


gh 


dirgh 


AT 


0-3 

5900 

45 

52 

1-3 

1800 

460 

550 

3-1 

760 

350 

3-2 

320 

300 

3-3 

3840 

200 

190 

44 

111 

4884 

-199 

268 

66 

17688 

-204 

230 

34 

7800 

-209 

322 

113 

36300 

-199 

90 

50 

4500 

-206 

Source:  NTK  Technical  Ceramics;  < 37; >  Bowen  ct  aL  <9>  1996;  Safari  ei  a!.,  < 43 >  1982;  Gururaja  et  a /.,  <23 >  1988. 
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particles  in  a  polymer 
(0-3) 


perforated  composite 
(3-D 


PZT  rods  in  a  polymer  voided  composite 

(1-3)  (3-3> 


Figure  1  Diagram  of  the  various  composite  connectivity  schemes  described  in  this  chapter.  The  poling 

direction  is  noted  by  the  arrows. 


1ST  proof 


CCMA151 


References 


frequency  (Hz) 

Figure  2  ,  Frequency  dependence  of  the  receiving  sensitivity  for  Piezo  Rubber  composites  PR-303,  PR-305, 
PR-306  3nd  PR  307,  which  are  designated  by  03,  05,  06,  and  07  in  the  figure.  PR-303,  PR-305,  and  PR-306 
were  each  3  mm  thick,  whereas  PR-307  was  2  mm  thick  (reproduced  by  permission  of  the  American  Institute 
of  Physics  from  Jpn.  J .  Appl.  Phys .,  1987,  26  Suppl.  26-1,  153-155). 
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pressure  (MPa) 

Figure  3  Pressure  dependence  of  the  receiving  sensitivity  (measured  at  160  Hz)  for  Piezo  Rubbers  PR-303, 
PR-305,  PR-306,  PR-307,  and  PR-308  which  are  designated  by  03,  05,  06,  07,  and  08  in  the  figure.  PR-303, 
PR-305,  and  PR-306  were  each  3  mm  thick,  whereas  PR-307  and  PR-308  were  both  2  mm  thick  (reproduced 
by  permission  of  the  American  Institute  of  Physics  from  Jpn.  J.  Appl.  Phys 1987,  26  Suppl.  26-1,  153-155). 
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Figure  4  Piezocomposite  SmartPanel™  from  MSI 
used  for  active  control  of  underwater  vibration  and 
noise  (reproduced  by  permission  of  the  SPIE  from 
‘Proceedings  of  the  SPIE:  Smart  Structures  and 
Materials  1997— Industrial  and  Commercial  Appli¬ 
cations  of  Smart  Structures  Technologies’,  1997, 
vol.  3044,  pp.  391-396). 


18 


Piezoelectric  Composite  Sensors 


Figure  5  Frequency  dependence  of  the  receiving 
sensitivity  of  ^  6.4mm  thick  MSI  injection  molded 
1-3  composi tftMi til izi n g  PZT-5H  (reproduced  by 
permission  of  the  IEEE  from  ‘Ultrasonics  Sympo¬ 
sium  Proceedings’,  1993,  vol.  I,  pp.  499-503). 
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Figure  6  Pressure  and  temperature  dependence  of  the  low-frequency  receiving  sensitivity  of  a  1-3  composite 
utilizing  PZT-4  (reproduced  by  permission  of  Gordon  and  Breach  Publishers  from  Ferroelectric s,  1990,  102, 
"  215-224). 
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Figure  7  Frequency  dependence  of  the  receiving  sensitivity  of  a  porous  (3-3)  composite  PZT-5  hydrophone 
(reproduced  by  permission  of  Gordon  and  Breach  Publishers  from  Ferroelectncs,  1990,  102,  215-224). 
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Figure  8  Pressure  and  frequency  dependence  of  the  receiving  sensitivity  of  a  3-1  composite  utilizing  PZT-5 
(reproduced  by  permission  of  Elsevier  Applied  Science  Publishers  Ltd.  from  Applied  Acoustics ,  1994,  41, 

325-335). 
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(a) 


Figure  9  Cross-sectional  views  of  the  (a)  moonie-type  and  (b)  cymbal-type  flextensional  metal-ceramic 
composite  sensors.  The  cross-hatched  areas  represent  the  piezoceramic  disk  and  the  gray  areas  designate  the 

metal  caps. 
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Abstract 

Following  the  trend  in  structural  applications,  composite  structures  are  being  used  more  commonly  in  transducer  applications  to  improve 
acoustic,  mechanical  and  electrical  performance  of  piezoelectric  devices.  Functional  composite  transducers  for  actuators  and  sensors 
generally  consist  of  an  active  ceramic  phase  incorporated  with  a  passive  polymer  phase,  each  of  which  has  a  phase  transition  associated 
with  it.  In  this  paper,  several  polymer-piezoelectric  ceramic  composite  transducers,  mostly  designed  for  sensing  hydrostatic  waves,  are 
discussed  based  on  the  connectivity  of  the  constituent  phases.  Also  discussed  are  some  recent  examples  of  metal-ceramic  composites,  and 
single  element  ceramic  transducers  with  modified  shapes  for  improved  performance.  A  comparison  of  these  designs  is  given  based  on  their 
hydrophone  figure  of  merit  (dh >gh).  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 

Keywords:  Composites:  Transducers:  Piezoelectrics 


1.  Introduction 

Composite  materials  have  found  use  in  a  number  of  struc¬ 
tural  applications,  but  their  use  in  the  electronics  industry 
has  been  relatively  limited.  As  the  advantages  of  compo¬ 
sites,  sensors,  and  actuators  become  more  clear,  this  picture 
is  expected  to  change. 

Functional  composites  make  use  of  a  number  of  under¬ 
lying  ideas,  including  the  following:  connectivity  patterns 
leading  to  field  and  force  concentration:  the  use  of  periodi¬ 
city  and  scale  in  resonant  structures;  the  symmetry  of  a 
composite  structure  and  its  influence  on  physical  properties; 
polychromatic  percolation  and  coupled  conduction  paths: 
varistor  action  and  other  interfacial  effects:  sum,  combina¬ 
tion,  and  other  product  properties:  coupled  phase-transfor¬ 
mation  phenomena;  and  the  important  roles  that  porosity 
and  inner  surface  play  in  many  functional  composite  mate¬ 
rials.  These  ideas  provide  a  basic  understanding  of  func¬ 
tional  composite  sensors  and  actuators. 

An  important  approach  to  making  functional  composites 
is  to  bring  together  two  or  more  different  materials,  each  of 
which  has  a  phase  transition  associated  with  it.  As  an  exam¬ 
ple,  polymeric  materials  having  phase  transitions  in  which 
the  elastic  properties  undergo  large  changes  are  combined 


*  Corresponding  author.  Tel.:  +  1-814-865-1612;  fax:  +  1-814-865- 
7593. 


with  ferroelectric  materials  in  which  the  dielectric  proper¬ 
ties  have  an  associated  instability.  The  two  materials  have 
different  types  of  instability,  allowing  for  the  building  up  of 
structures  especially  good  for  sensing  and  actuating. 

When  constructing  functional  composites,  one  is  gener¬ 
ally  not  trying  to  optimize  all  of  the  tensor  coefficients  but 
only  those  appearing  in  the  figure  of  merit.  Combining  a 
mechanically  soft  but  electrically  hard  (with  a  low  dielectric 
constant)  polymer  with  a  mechanically  stiff  but  electrically 
soft  ferroelectric  ceramic  in  various  connectivity  schemes 
allows  for  the  build-up  of  parallel  and  series  connections 
that  optimize  particular  combinations  of  tensor  coefficients. 

In  addition  to  the  ceramic  polymer  composites,  other 
novel  approaches  in  sensor  and  actuator  design  for 
improved  performance  and  amplified  sensing  and/or  actua¬ 
tion  response  include  incorporating  metals  and  ceramics 
into  a  composite  structure,  as  well  as  modifying  the  geome¬ 
try  of  the  ceramic.  One  example  of  a  metal -ceramic  compo¬ 
site  sensor  configuration  is  the  flextensional-type 
transducer,  in  which  metal  endcaps  are  used  to  transfer 
stress  to  the  piezoelectric  ceramic.  Recent  examples  of  flex- 
tensional  transducers,  namely  the  ‘moonie’  and  the 
‘cymbal’  type  miniaturized  versions,  will  be  discussed  in 
the  following  sections.  Improving  transducer  performance 
through  modified  geometry  will  also  be  discussed  using  the 
shell  shape  monomorph  ‘rainbow’  and  the  hollow  spherical 
‘BB’  transducers  as  examples. 


1359-835X/99/S  -  see  front  matter  ©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 
PII:  Sl359-835X(98)00l37-7 


478 


J.F.  Tress ler  et  ai  /  Composites:  Part  A  30  (1999)  477-482 


particles  in  a  polymer 
(0-3) 


laminated  composite 
(2-2) 


perforated  composite 

(3-1) 


perforated  composite 
(3-2) 


PZT  spheres  in  a  polymer 
(1-3) 


transverse  poled  composite 
(2-2) 


honeycomb  composite 
(3-1  S) 


replamine  composite 
(3-3) 


BURPS  composite 
(3-3) 


PZT  rods  in  a  polymer 
0-3) 


djj  honeycomb 
(3-1) 


ladder  structure 
(3-3) 


Fig.  1.  Connectivity  of  constituent  phases  in  piezoelectric  ceramic-polymer  composites. 


2.  Ceramic-polymer  composites 

Newnham  et  al.  [1]  established  the  notation  for  describing 
the  number  of  dimensions  that  each  phase  is  physically  in 
contact  with  itself.  To  date,  eight  different  types  of  two- 
phase  piezoelectric  composites  (piezocomposites)  have 
been  studied:  0—3,  1—3,  2—2,  2—3,  3—0,  3—1,  3—2,  and  3— 

3.  In  the  case  of  piezocomposites,  the  first  number  in  the 
notation  denotes  the  physical  connectivity  of  the  active 
phase  and  the  second  number  refers  to  the  physical  connec¬ 
tivity  of  the  passive  phase.  A  schematic  of  these  different 
connectivities  is  shown  in  Fig.  1. 

Most  ceramic-polymer  composites  have  been  used  as 
hydrophones  and  as  biomedical  transducers.  The  purpose 
of  the  polymer  is  to  detect  a  portion  the  hydrostatic 
stress  in  either  the  transverse  or  longitudinal  direction, 
to  effectively  eliminate  either  the  g33  or  g3i  contribution 
to  the  gh  of  the  poled  ceramic.  Extensive  investigations 
have  been  performed  to  determine  which  ceramic-poly¬ 
mer  connectivity  configuration  will  provide  the  optimum 
hydrophone  performance.  The  optimum  performance  is 
associated  with  maximizing  the  figure  of  merit,  which  in 
this  case  is  the  dh-gh  product.  The  dh  coefficient  is  the 
hydrostatic  piezoelectric  charge  coefficient  and  is 
reported  in  terms  of  10" 12  Coulombs  per  Newton  (pC/ 
N).  The  gh  coefficient  is  the  hydrostatic  piezoelectric 
voltage  coefficient  and  is  reported  in  terms  of  10  3 
Volt-meters  per  Newton  (mV-m/N).  Thus,  the  figure  of 
merit  has  units  of  10~15  meters  squared  per  Newton,  or 
fm2/N.  In  the  following  sections  examples  of  ceramic 
polymer  composites  with  various  connectivities  are 
discussed. 


2.7.  Composites  with  5-5  connectivity 

Composites  with  3-3  connectivity  were  the  first  of  the 
two-phase  composites  to  be  investigated.  Composites  with 
this  connectivity  have  unpoled  reinforcement  in  the  lateral 
directions  which  serves  to  further  decouple  negative  contri¬ 
butions  from  lateral  stresses  [2].  They  were  initially  fabri¬ 
cated  by  a  technique  known  as  the  replamine  process  [3] 
which  involves  the  lost  wax  replication  of  a  coral  skeleton. 
Since  then,  additional  technologies  have  been  developed 
such  as  the  fugitive  phase,  or  BURPS,  process  [4]  which 
produces  a  porous  three-dimensionally  interconnected  cera¬ 
mic  structure  by  sintering  a  compacted  mixture  of  volatiliz- 
able  plastic  spheres  and  PZT  powder.  Mitsubishi  Mining 
and  Cement  has  developed  several  techniques  for  introdu¬ 
cing  connected  porosity  into  PZT  ceramics:  reactive  sinter¬ 
ing,  foaming  agents,  organic  additives,  and  careful  control 
of  particle  size  and  firing  conditions  [5].  A  reticulated  cera¬ 
mic  technology  has  recently  been  used  to  produce  3-3 
composites  [2].  Reticulated  ceramics  are  created  by  coating 
an  organic  foam  substrate  (i.e.  polyurethane)  with  a  ceramic 
slurry,  pyrolyzing  the  foam,  and  then  sintering  the  ceramic. 

2.2.  Composites  with  0-3  and  3-0  connectivity 

Composites  with  0-3  connectivity  consist  of  a  random 
array  of  piezoelectric  particles  dispersed  in  a  3D  polymer 
matrix  [6].  The  primary  advantage  of  these  composites  is 
their  ability  to  be  formed  into  shapes  while  remaining  piezo- 
electrically  active.  These  composites  are  manufactured 
commercially  by  NTK  Technical  Ceramic  Division  of  the 
NGK  Spark  Plugs  Corporation  in  Japan  under  the  name 
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PiezoRubber  (NTK-306).  PiezoRubber  was  developed  by 
Banno  and  Saito  and  utilizes  PT  (lead  titanate)  rather  than 
PZT  in  order  to  take  advantage  of  the  large  piezoelectric 
anisotropy  in  PT  [7].  The  gh  value  reported  by  NTK  for  their 
PiezoRubber  depends  on  the  volume  fraction  of  ceramic 
present  and  can  be  pressure  insensitive  up  to  35  MPa  [8- 
11]. 

The  first  3-0  composites  were  fabricated  by  a  tape  cast¬ 
ing  technique.  Fugitive  ink  was  screen  printed  onto  green 
PZT  sheets  which  were  subsequently  stacked.  When  the  ink 
and  binder  were  burned  out  and  the  ceramic  sintered,  the 
resultant  PZT  block  contained  pores  where  the  ink  was 
originally  located.  A  second  method  for  fabricating  3-0 
composites  consisted  of  hot  pressing  a  mixture  of  large 
polymer  spheres  and  PZT  powder  [5]. 

2.5.  Composites  with  3-1,  3-2  and  2-3  connectivity 

Conventional  composites  exhibiting  3-1  and  3-2 
connectivity  consist  of  a  PZT  block  with  holes  drilled 
through  either  one  side  (3-1)  or  both  sides  (3-2)  in  a  direc¬ 
tion  perpendicular  to  the  poled  direction  of  the  PZT.  The 
holes  are  subsequently  backfilled  with  polymer.  The  one¬ 
dimensional  or  two-dimensional  interconnected  polymeric 
phases  in  the  transverse  direction  reduce  the  g3i  and  g32 
contributions  to  the  hydrostatic  voltage  response  by 
decreasing  the  stress  coupling  in  the  plane  normal  to  the 
poled  direction  [12].  A  negligible  change  in  properties 
occurs  up  to  7  MPa.  In  3-1  and  3-2  composites  manufac¬ 
tured  in  this  way,  the  dielectric  constant,  as  well  as  the 
and  gh  coefficients  are  all  functions  of  hole  size,  PZT  thick¬ 
ness,  poling  technique,  and  center-to-center  distance 
between  adjacent  holes  [5]. 

The  relic  process  [13],  in  combination  with  a  weaving 
technique,  has  been  developed  at  Rutgers  University  to 
easily  manufacture  large  area  composites  consisting  of 
fine  PZT  fibers  interconnected  in  two  dimensions  and 
embedded  in  a  3D  interconnected  polymer  matrix  (2-3 
connectivity).  In  this  process,  carbon  fabric  fibers  of  10  to 
20  pm  in  diameter  are  soaked  in  PZT  slurry  and  then  woven 
into  yams  with  the  desired  structure.  The  carbon  is  then 
burned  out  and  the  resulting  PZT  relic  is  sintered  to  leave 
a  structure  similar  to  the  original  carbon  template.  A  piezo¬ 
electric/polymer  composite  is  subsequently  formed  by  infil¬ 
trating  with  epoxy. 

Another  type  of  3-1  composite  configuration  utilizes  a 
thin-walled  3D  interconnected  piezoceramic  frame  (also 
known  as  a  honeycomb).  The  first  honeycombs  were 
poled  in  directions  either  parallel  or  perpendicular  (trans¬ 
verse)  to  the  extrusion  direction  with  the  epoxy  phase  and 
PZT  connected  mechanically  in  parallel  and  series,  respec¬ 
tively  [5].  Recently,  a  configuration  has  been  devised  where 
the  poling  direction  of  the  piezoceramic  is  parallel  to  the 
frame  direction  [14].  Thus,  it  operates  in  the  d31  mode.  The 
high  hydrostatic  response  comes  from  the  sum  of  the  indi¬ 
vidual  responses  of  the  three  orthogonal  directions  of  the 


frame.  That  makes  this  composite  better  than  a  capped 
cylinder,  in  which  only  the  axial  direction  contributes  to 
the  hydrostatic  response. 

2.4 .  Composites  with  1-3  connectivity 

Unquestionably,  the  composites  with  1-3  connectivity 
are  the  most  studied,  understood,  and  utilized  of  all  the 
two-phase  connectivity  types.  This  composite  consists  of 
individual  PZT  rods  or  fibers  aligned  in  a  direction  parallel 
to  the  poling  direction  and  surrounded  by  a  polymer  matrix. 
A  decoupling  of  the  d 33  and  </31  coefficients  of  the  composite 
enhances  the  dh.  The  rod  diameter,  rod  spacing,  composite 
thickness,  volume  percent  of  rods,  and  polymer  compliance 
all  influence  the  composite  performance. 

The  first  1— 3s  were  made  from  extruded  PZT  rods, 
ranging  in  diameter  from  254  to  840  pm,  which  were 
aligned  in  a  specially  designed  fixture  which  allowed  for 
the  epoxy  to  be  poured  around  the  rods  [15].  Because  of 
the  labor-intensive  procedure,  this  technique  does  not  lend 
itself  well  to  mass  production.  The  dice  and  fill  technique 
[16]  is  more  easily  adapted  to  the  mass  production  of  smal¬ 
ler  samples,  but  is  too  costly  to  meet  the  needs  of  large  area 
coverage  [8].  This  technology  involves  the  cutting  of  deep 
grooves  into  a  solid  block  of  PZT  using  a  diamond  saw. 
Square  rods  with  sides  of  length  down  to  50  |xm  are  achiev¬ 
able  with  aspect  ratios  approaching  20  [17].  Square  rods  can 
give  rise  to  undesirable  inter-post  resonant  activity.  This 
problem  can  be  alleviated  if  circular  or  irregularly  shaped 
rods  are  used  instead  [18].  By  dicing  a  honeycomb  config¬ 
uration,  ‘+\  ‘L\  and  ‘T  shapes  were  easily  fabricated  [13]. 
Materials  Systems  has  developed  a  new  technology  for  the 
mass  production  of  large  area  1-3  composites  using  an 
injection  molding  process  [19].  This  process  is  capable  of 
producing  arrays  with  rod  diameters  <  100  pirn.  It  is  also 
possible  to  easily  vary  the  PZT  element  type,  layout,  and 
shape. 

Cao  et  al.  [20]  have  shown  that  the  stress  transfer  in  1  -3 
composites  is  accomplished  through  shear  coupling  at  the 
interface  between  the  ceramic  and  the  polymer.  The  effec¬ 
tiveness  of  the  stress  transfer  can  be  characterized  by  a  stress 
amplification  factor  which  depends  upon  the  elastic  proper¬ 
ties  of  both  phases,  the  ceramic  content,  and,  most  impor¬ 
tantly,  the  aspect  ratio  (radius/length)  of  the  ceramic  rods. 
These  same  parameters  also  affect  the  displacement  unifor¬ 
mity  over  the  surface  of  the  composite  [21].  When  subject  to 
a  hydrostatic  pressure,  the  stress  applied  in  the  transverse 
direction  reduces  the  stress  enhancement  effect  in  the  axial 
direction.  This  is  due  to  the  Poisson  ratio  effect.  When 
squeezed  from  both  sides,  the  polymer  bulges,  pulling  on 
the  ceramic  rods  and  trying  to  lengthen  them.  Hence,  under 
hydrostatic  pressure,  the  stress  amplification  factor  is  prac¬ 
tically  reduced  by  a  factor  of  (1  -  2cr),  where  a  is  the 
Poisson  ratio.  Essentially,  this  produces  a  contribution  to 
the  d f31  of  the  composite  from  the  d33  of  the  ceramic  [22], 
which  in  turn  lowers  the  dh  of  the  structure. 
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Fig.  2.  Cross-sectional  views  of  the  (a)  moonie  and  (b)  cymbal  transducers. 
The  dark  areas  represent  the  caps,  and  the  hatched  areas  the  PZT  disk. 

Preparing  a  1-3  composite  using  thin- wall  piezoelectric 
hollow  spheres  as  the  active  ceramic  phase  is  also  feasible. 
The  resultant  structure  has  a  good  acoustic  matching  with 
water  due  to  the  low  acoustic  impedance  of  polymer  and  the 
air-filled  space  in  the  ceramic  part.  Hollow  spheres  are 
discussed  in  more  detail  in  Section  4. 

2.5.  Composites  with  2-2  connectivity 

For  large  area  acoustic  projectors,  it  is  necessary  to  gener¬ 
ate  large  surface  displacements  while  operating  at  a  moder¬ 
ate  driving  voltage  to  get  high  radiative  power  over  a  wide 
frequency  range.  The  1-3  type  composites  often  cannot 
meet  these  requirements.  In  addition,  the  coefficient  is 
limited  by  the  longitudinal  piezoelectric  strain  coefficient 
d33.  The  2-2  piezocomposites  might  be  an  answer  to  these 
problems.  In  a  2-2  composite  the  stress  transfer  between  the 
two  phases  depends  on  the  volume  percent  of  active  compo¬ 
nent  as  well  as  the  aspect  ratio  of  the  two  components  [23]. 
There  are  two  different  configurations  for  2-2  composites: 
laminated  2-2  which  consists  of  layers  of  PZT  sandwiched 
between  layers  of  polymer  and  poled  through  the  layers,  and 
2-2  piezocomposites  poled  over  the  side  faces,  parallel  to 
the  layers.  The  latter  operates  in  the  transverse  d3[  mode  and 
possesses  the  advantages  of  the  PZT  1  -3  tubular  composite 
but  with  lower  manufacturing  costs  and  a  simpler  fabrica¬ 
tion  process  [24].  This  transverse  operating  mode  2-2 
composite  also  exhibits  much  better  performance  than  the 
conventional  longitudinal  mode  2-2  laminated  [13,24]. 

3.  Ceramic-metal  composites 

Ceramic-metal  composites  generally  have  a  simple 
design  with  a  metal  faceplate,  shell,  or  cap  that  couples 
to  both  the  ceramic  as  well  as  the  surrounding  medium. 
The  metal  component  transfers  the  incident  stress  to  the 
ceramic  or  the  displacement  to  the  medium.  Flextensional 


transducers  are  good  examples  of  ceramic-metal  compo¬ 
sites.  In  flextensional  transducers,  the  flexural  vibration  of 
the  metal  shell  causes  an  extensional  (or  contractional) 
vibration  of  the  piezoelectric  element  [25].  The  miniatur¬ 
ized  versions  of  flextensionals,  the  moonie  and  cymbal 
transducers  possess  2-(0)-2  connectivity.  These  transdu¬ 
cers,  shown  in  Fig.  2,  consist  of  a  poled  piezoelectric  disk 
(fully  electroded  on  both  faces)  which  is  sandwiched 
between  two  metal  endcaps,  each  containing  a  shallow 
air-filled  cavity  on  their  inner  surface. 

In  the  case  of  the  moonie,  the  cavities  are  in  the  shape  of  a 
half  moon,  whereas  the  cymbal  has  a  truncated  cone-shaped 
cavity.  The  presence  of  these  cavities  allows  the  metal  caps 
to  serve  as  mechanical  transformers  for  transforming  and 
amplifying  a  portion  of  the  incident  axial-direction  stress 
into  tangential  and  radial  stresses  of  opposite  sign.  Thus, 
the  and  d^\  contributions  of  the  PZT  now  add  together 
(rather  than  subtracting)  in  the  effective  dh  of  the  device 
[26]. 


4.  Single  element  transducers 

A  single  piezoelectric  ceramic  element  with  electroded 
surfaces  is  the  most  basic  and  simple  transducer,  but  this 
type  of  transducer  has  severe  limitations,  such  as  low  dh  and 
high  acoustic  impedance.  As  a  result,  composite  structures 
which  have  good  acoustic  matching  to  water,  and  with  their 
designs  to  amplify  externally  applied  stress,  became  the 
main  transducer  configuration.  However,  composite  struc¬ 
tures  are  not  the  only  avenue  to  an  improved  transducer 
performance.  In  recent  years,  several  single  element  cera¬ 
mic  transducers  with  specially  designed  geometries  were 
shown  to  display  a  performance  comparable  to  composite 
transducers.  Two  of  these,  miniature  hollow  sphere  transdu¬ 
cers  (BBs)  and  monomorph  ‘rainbow",  transducers  will  be 
discussed  in  this  section. 

Directional  characteristics  are  important  in  designing  a 
transducer  for  underwater  applications,  and  when  omnidi¬ 
rectional  reception  is  required  a  spherical  design  is  most 
often  used.  Miniature  piezoelectric  hollow  spheres,  also 
known  as  BBs  due  to  their  similarity  in  size  to  the  pellets 
used  in  buckshot,  are  made  using  a  coaxial  nozzle  slurry 
technique  with  a  diameter  of  1  -6  mm  and  a  wall  thickness 
of  40  to  150  |xm  [27].  Spheres  with  both  tangential  and 
radial  poling  configurations,  shown  in  Fig.  3,  exhibit  a 
very  large  hydrophone  figure  of  merit  Wh*gh)«  The  amplifi¬ 
cation  of  dh  and  figure  of  merit  in  BBs  results  purely  from 
the  spherical  geometry.  An  applied  hydrostatic  pressure  is 
transformed  into  radial  and  tangential  stress  components, 
which  are  amplified  with  a  factor  which  can  be  defined  as 
the  ratio  of  radius  to  wall  thickness  ( rit ).  Properties  of  the 
BBs  are  reported  to  remain  stable  up  to  7  MPa. 

Another  novel  design  exploiting  the  geometry  of  a  single 
ceramic  element  is  the  monomorph  flexural  disk  transducer 
‘rainbow’ .  The  rainbow  transducer  shows  excellent  promise 
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(a)  Radial  poling  configuration 


Fig.  3.  Radial  (a)  and  tangential  (b)  poling  configurations  of  BB 
transducers. 

as  a  low  pressure  (  <  100  kPa)  sensor  and/or  acoustic  trans¬ 
mitter.  It  consists  of  an  electromechanically  active  layer, 
such  as  PZT,  in  direct  contact  with  a  lead-rich  constraining 
layer  [28].  This  constraining  layer  is  formed  by  exposing 
one  side  of  the  ceramic  to  a  reducing  atmosphere  at  high 
temperature  by  placing  the  ceramic  in  contact  with  a  carbon 
block.  Due  to  the  thermal  expansion  mismatch  between  the 
reduced  non-piezoelectric  layer  and  the  oxide  piezoelectric 
layer,  a  curvature  develops  in  the  structure,  giving  it  a  dome 
shape,  with  the  oxide  layer  in  compression  throughout  its 
volume.  The  dome  needs  to  be  fixed  on  a  base  plate  when  it 
is  used  as  a  pressure  sensor;  otherwise,  the  voltage  response 
will  only  be  equal  to  that  of  the  bulk  ceramic.  Rainbows 
exhibit  highly  pressure-dependent  properties  but  are  extre¬ 
mely  robust.  As  pressure  increases,  the  dome  gradually  flat¬ 
tens,  decreasing  the  bending  contribution  to  gh  until  it 
reaches  the  bulk  value.  Hydrophone  figures  of  merit 


Fig.  4.  Comparison  of  hydrophone  figure  of  merit  of  several  piezoelectric 
ceramics  and  transducer  designs. 


(dh-gh)  of  all  the  composite  and  single  element  transducers 
discussed  so  far  are  compared  in  the  plot  in  Fig.  4.  In  this 
figure,  the  figure  of  merit  of  the  transducers  marked  with  an 
asterisk  is  size  dependent.  Therefore,  the  figure  of  merit  is 
calculated  for  a  1  cm-  transducer  for  a  valid  comparison. 


5.  Conclusions 

Some  important  goals  in  composite  transducer  research 
include:  improved  acoustic  impedance — better  coupling  to 
air,  fluids,  and  metals;  lower  drive  voltage  through  the  use  of 
internal  electrodes;  improved  sensitivity  to  hydrostatic 
waves;  strain  amplification  to  produce  enlarged  displace¬ 
ments;  acoustic  isolation  of  adjacent  sound  sources;  passive 
and  active  vibration  suppression;  enhanced  high-frequency 
performance  through  mode  control;  mechanical  strength 
and  flexibility;  backing  layers  to  absorb  unwanted  vibra¬ 
tions;  reduced  hysteresis;  internal  stress  and  field  rearrange¬ 
ment;  improved  breakdown  strength;  tuned  coupling 
coefficients,  including  permittivity,  and  elasticity;  beam- 
forming  capability;  and  rapid  ringdown. 

Integration  and  miniaturization  of  electroceramic  compo¬ 
nents  is  an  ongoing  process  in  the  automotive  and  consumer 
electronics  areas.  Multilayer  packages  containing  signal 
processing  layers  made  up  of  low  permittivity  dielectrics 
and  printed  metal  interconnections  are  in  widespread 
production.  Further  integration  with  embedded  resistors 
and  capacitors  is  under  development  and  it  seems  likely 
that  sensor  and  actuator  systems  will  make  use  of  the 
same  processing  technology.  Tape  casting  and  screen  print¬ 
ing  are  processes  used  most  often,  and  varistors,  chemical 
sensors,  thermistors,  and  piezoelectric  transducers  can  all  be 
fabricated  this  way,  opening  up  the  possibility  of  multicom¬ 
ponent  multifunction  integrated  ceramics. 
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A  new  type  of  transducer  has  been  developed  for  use  as  a  shallow-water  sound  projector  at 
frequencies  below  50  kHz.  Dubbed  the  “cymbal,”  it  is  similar  to  the  more  commonly  known 
“moonie”  and  class  V  ring/shell  flextensional  designs.  Prototype  cymbal  arrays  2  mm  thick  with  a 
radiating  area  of  11.4  cm2  have  been  developed  and  calibrated.  Two  mounting  schemes  have  been 
examined:  unpotted  (oil-filled)  and  potted  in  a  5-mm  thick  layer  of  stiff  polyurethane.  In  both  cases, 
a  transmitting  response  comparable  to  the  more  widely  used  Tonpilz  transducer  (with  an  equivalent 
radiating  area)  is  attainable.  When  tested  under  hydrostatic  pressures,  a  standard  cymbal 
configuration  has  been  shown  to  withstand  exposures  of  2.5  MPa  (which  corresponds  to  250  m  of 
water  depth)  before  failure.  ©  1999  Acoustical  Society  of  America.  [S000 1-4966(99)0280 1-5] 

PACS  numbers:  43.10.Ln,  43.38.Fx,  43.30. Yj  [SLE] 


INTRODUCTION 

Sound  transmission  is  the  single  most  effective  means  of 
directing  energy  transfer  over  large  distances  underwater. 
The  acoustic  frequency  range  for  various  types  of  underwater 
transducer  applications  spans  seven  decades,  from  10  Hz  to 
100  MHz.2  There  is  currently  a  great  interest  in  the  develop¬ 
ment  of  shallow-water  (<250  m)  acoustic  projectors  that  op¬ 
erate  in  the  frequency  range  from  1  kHz  to  100  kHz.3  Poten¬ 
tial  applications  include  seabed  penetration  for  buried  mines 
as  well  as  underwater  surveillance,  navigation,  target  detec¬ 
tion  and  classification.  Ideally,  these  transducers  should  be 
thin,  lightweight,  exhibit  medium  to  high  acoustic-output 
power,  be  able  to  conform  to  a  curved  surface,  and  be  of 
simple  design  such  that  they  are  easy  and  inexpensive  to 
mass  produce. 

Currently,  the  predominant  underwater  projector  sys¬ 
tems  that  operate  in  the  1  kHz  to  100-kHz  frequency  band 
are  Tonpilz  transducers  and  1-3  type  piezoelectric  compos¬ 
ites.  The  Tonpilz  transducer  consists  of  a  stack  of  piezoelec¬ 
tric  ceramic  (typically  lead  zirconate  titanate-PZT)  rings  con¬ 
nected  mechanically  in  series  and  electrically  in  parallel.  The 
ring  stack  is  sandwiched  between  two  metal  masses:  a  heavy 
tailmass  and  a  light,  flared  headmass  which  serves  to  trans¬ 
mit  the  generated  acoustic  energy  into  the  surrounding  me¬ 
dium.  Tonpilz  transducers  are  characterized  by  their  very 
large  acoustic-output  power,  are  typically  tens  of  centimeters 
in  thickness,  weigh  up  to  several  kilograms,  and  are  designed 
to  operate  at  frequencies  up  to  100  kHz. 


•'“Selected  research  articles”  are  ones  chosen  occasionally  by  the  Editor- 
in-Chief  that  are  judged  (a)  to  have  a  subject  of  wide  acoustical  interest, 
and  (b)  to  be  written  for  understanding  by  broad  acoustical  readership. 
b,Presented  at  the  133rd  meeting  of  the  Acoustical  Society  of  America  held 
at  The  Pennsylvania  State  University,  June  1997  [J.  Acoust.  Soc.  Am.  101, 
3094(A)  (1997)]. 

•'Present  address:  Naval  Research  Laboratory,  4555  Overlook  Avenue, 
Washington,  DC  20375-5350. 


The  1-3  type  piezoelectric  composites  consist  of  a  num¬ 
ber  of  piezoelectric  ceramic  rods  separated  by  a  3-D  inter¬ 
connected  polymer  matrix.  These  composites  have  been 
manufactured  in  a  number  of  ways.4  The  current  state-of-the- 
art  fabrication  technique  is  injection  molding.  The  perfor¬ 
mance  of  1-3  piezoelectric  composites  is  strongly  affected  by 
the  elastic  properties  of  both  the  ceramic  and  polymer  phases 
as  well  as  the  aspect  ratio,  the  volume  fraction,  and  the  ar¬ 
rangement  of  the  piezoelectric  ceramic  rods.6  These  types  of 
composites  can  be  conformed  to  a  curved  surface  and  acous¬ 
tically  matched  with  water.  The  1-3  piezoelectric  composites 
designed  for  use  below  100  kHz  are  at  least  10  mm  thick. 

Polyvinylidene  fluoride  (PVDF)  and  its  chemically  re¬ 
lated  copolymers  are  piezoelectric  polymers  that  are  readily 
available  from  a  number  of  commercial  manufacturers  in 
material  thicknesses  ranging  from  5  to  at  least  600  jxm.  The 
high  compliance  and  low  density  of  these  piezoelectric  poly¬ 
mers  allow  them  to  be  easily  shaped  to  conform  to  curved 
surfaces  and  to  acoustically  match  to  water.  The  large  piezo¬ 
electric  voltage  coefficient,  gh ,  of  PVDF  renders  it  an  excel¬ 
lent  acoustic  receiver  material.  However,  its  low  piezoelec¬ 
tric  strain  coefficient,  d makes  it  a  rather  poor  sound 
projector.  A  low  permittivity  also  requires  the  use  of  expen¬ 
sive  built-in  electronics  packaging  because  of  the  large  elec¬ 
trical  impedance  mismatch  between  the  piezoelectric  poly¬ 
mer  and  the  circuitry.8 

A  third  type  of  underwater  projector  that  is  seeing  a 
resurgence  in  interest  is  the  flextensional  transducer.  Flexten- 
sionals  have  been  in  existence  since  the  1920s  and  have  seen 
use  as  underwater  projectors  since  the  late  1950s.9  Flexten- 
sionals  consist  of  a  piezoelectric  ceramic  drive  element  or 
assembly  encapsulated  by  a  metal  shell.  The  metal  shell  acts 
as  a  mechanical  transformer  to  convert  the  large  generative 
force  of  the  piezoelectric  ceramic  into  increased  displace¬ 
ment.  The  shape  of  the  shell  has  become  quite  diverse  over 
the  years,  and  so  a  classification  system  has  been  established 
to  group  the  common  designs  together.10  Flextensional  trans- 
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FIG.  1.  Cross-sectional  views  of  the  (a)  moonie-type.  and  (b)  cymbal-type 
transducers.  The  dark  areas  represent  the  caps  and  the  cross-hatched  areas 
the  PZT  disks.  The  dimensions  designated  by  the  numerals  shown  are  listed 
in  Table  I. 


ducers  typically  range  in  size  from  several  centimeters  to 
several  meters  in  length  and  can  weigh  up  to  several  hun¬ 
dreds  of  kilograms. 

A  miniaturized  version  of  the  class  V  flextensional 
transducer  was  developed  in  the  late  1980s  at  the  Materials 
Research  Laboratory  at  The  Pennsylvania  State  University 
for  use  as  a  hydrophone.11,12  This  transducer  is  named  the 
moonie  due  to  the  crescent  moon-shaped  cavity  on  the  inner 
surface  of  the  caps.  A  second  generation  moonie-type  trans¬ 
ducer,  which  consists  of  a  thinner  cap  with  a  slightly  differ¬ 
ent  shape,  has  recently  been  developed  for  use  as  a  micropo¬ 
sitioning  actuator.13,14  This  transducer  has  been  dubbed  the 
cymbal  due  to  the  similarity  in  the  shape  of  its  caps  to  that  of 
the  musical  instrument  of  the  same  name.  The  cymbal  cap 
shape  is  also  more  conducive  to  mass  production  than  the 
moonie.  A  comparison  of  the  moonie  and  cymbal  designs  is 
shown  in  Fig.  1. 

The  moonie  and  cymbal  transducers  consist  of  a  piezo¬ 
electric  ceramic  (usually  PZT)  disk  poled  in  the  thickness 
direction  which  is  sandwiched  between  and  mechanically 
coupled  to  two  metal  caps,  each  of  which  contains  a  shallow, 
air-filled  cavity  on  its  inner  surface.  When  used  as  a  sound 
projector,  the  caps  convert  and  amplify  the  small  radial  dis¬ 
placement  and  vibration  velocity  of  the  piezoelectric  ceramic 
disk  into  a  much  larger  axial  displacement  and  vibration  ve¬ 
locity  normal  to  the  surface  of  the  caps.  This  enhanced  dis¬ 
placement  and  vibration  velocity  from  the  caps  contribute  to 
a  much  larger  acoustic-pressure  output  than  would  occur  in 
the  uncapped  ceramic.  The  principle  of  using  the  cymbal  as  a 
hydrophone  has  been  explained  previously.15  The  dimen¬ 
sions  of  the  standard-size  moonie  and  cymbal  transducers  are 
presented  in  Table  I. 

The  cymbal  cap  design  was  an  outgrowth  of  results  ob¬ 
tained  via  finite  element  analysis  (using  SAP90,  MARK,  and 
ANSYS®)  on  transducers  with  the  moonie-style  cap.  Large 
stress  concentrations  were  calculated  in  the  moonie  cap  in 
the  region  above  the  bonding  area.14,16  In  order  to  reduce  this 
stress  concentration,  ring-shaped  grooves  of  varying  size 
were  introduced  into  the  moonie-type  caps.  This  design 


TABLE  I.  Dimensions  of  the  standard  moonie  and  cymbal  transducers. 


Moonie  parameter 

Dimension  (mm) 

1 — PZT  diameter 

12.7 

2 — PZT  thickness 

1.0 

3 — cap  diameter 

12.7 

4 — cap  thickness 

1.0 

5 — cavity  depth 

0.25 

6— cavity  diameter 

9.0 

Cymbal  parameter 

Dimension  (mm) 

1 — PZT  diameter 

12.7 

2 — PZT  thickness 

1.0 

3— cap  diameter 

12.7 

4 — cap  thickness 

0.25 

5— cavity  depth 

0.32 

6 — base  cavity  diameter 

9.0 

7 — dimple  diameter 

3.0 

modification  was  found  to  not  only  reduce  the  stress  concen¬ 
tration  in  the  metal,  but  also  enhanced  the  axial  displacement 
at  the  center  of  the  caps.17,18  Onitsuka’s  results  showed  that 
the  optimum  groove  size  extended  from  the  edge  of  the  inner 
air  cavity  to  the  outer  edge  of  the  cap.18  Dogan  extended  this 
concept  and  devised  the  cymbal  cap  design  along  with  a 
fabrication  technique  applicable  to  mass  produce  the  caps. 
The  effects  of  materials  properties  and  cap  geometry  on  the 
actuator  performance  of  the  cymbals  have  been  modeled 
both  analytically20  and  using  finite  element  analysis.21  Finite 
element  modeling  to  ascertain  underwater  acoustic  perfor¬ 
mance  is  ongoing. 

I.  PARAMETERS  TO  MEASURE 

Among  the  relevant  parameters  required  to  fully  charac¬ 
terize  an  underwater  projector,  the  most  important  are  reso¬ 
nance  frequency,  mechanical  Q(Qm),  electroacoustic  effi¬ 
ciency,  electromechanical  coupling  coefficient  (fceff), 
transmitting  voltage  response  (TVR),  source  level  (SL),  and 
acoustic  directivity  (beam)  patterns.  Transmitting  voltage  re¬ 
sponse  is  equal  to  the  ratio  of  the  sound  pressure  produced 
by  the  projector,  referenced  (re'.)  to  a  distance  of  one  meter 
from  its  acoustic  center,  to  unit  voltage  applied  across  the 
electrical  terminals  of  the  transducer.22  It  is  reported  in  terms 
of  dB  re:  1  ^iPa/V  @1  m,  or  as  1  fi Pa-m/V.  Source  level  is 
the  intensity  of  the  radiated  sound  field  relative  to  the  inten¬ 
sity  of  a  plane  wave  of  rms  pressure  1  yxPa  referred  to  a  point 
one  meter  from  the  acoustic  center  of  the  projector.23  Source 
level  is  related  to  the  transmitting  voltage  response  through 
the  applied  input  rms  voltage  as: 

SL=TVR+201og 

^imms  *  (i) 

In  general,  a  source  level  of  greater  than  200  dB  re:  1 
/iPa  @  1  m  is  desirable.  The  beam  pattern  describes  the  re¬ 
sponse  of  the  transducer  relative  to  its  main  acoustic  axis. 

II.  EXPERIMENTAL  PROCEDURE 

Single-element  cymbal  transducers  were  fabricated  by 
first  punching  12.7-mm-diam  blanks  from  a  sheet  of  metal 
foil.  These  blanks  were  then  molded  into  caps  of  the  desired 
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TABLE  n.  Relevant  materials  properties  of  the  caps'  and  PZT.b 


Cap  material 

Young’s  modulus 

Density 

Poisson’s  ratio 

brass 

100.6  GPa 

8550  kg/m3 

0.35 

titanium 

120.2  GPa 

4500  kg/m3 

0.361 

molybdenum 

324.8  GPa 

10  200  kg/m3 

0.28 

Dielectric  constant 

PZT  type 

^31 

(e^/eo) 

552  (5H) 

—274  pC/N 

593  pC/N 

3400 

5A 

-171  pC/N 

374  pC/N 

1700 

4 

-123  pC/N 

289  pC/N 

1300 

8 

-93  pC/N 

218  pC/N 

1000 

* Smithell's  Metals  Reference  Book ,  edited  by  E.  A.  Brandes  (Butterworth, 
New  York,  1983),  6th  ed.,  Table  15.1. 

bH.  Jaffe  and  D.  A.  Berlincourt,  “Piezoelectric  Transducer  Materials.” 
Proc.  IEEE  53(10),  1372-1386  (1965). 


FIG.  2.  Top  views  of  the  9-element  cymbal  arrays  (a)  potted  in  polyurethane 
and  (b)  unpotted;  (c)  unponed  cymbal  array  viewed  from  the  side.  The  scale 
is  ruled  in  centimeters. 


FIG.  3.  Measured  admittance  spectra  of  a  standard-size  brass-capped  cym¬ 
bal  both  in  air  and  in  water.  Resonance  is  associated  with  the  fundamental 
flexural  vibration  mode  of  the  caps.21 

shape  using  a  die  press.  Since  there  is  no  machining  in¬ 
volved,  this  process  is  relatively  inexpensive  and  hospitable 
to  mass  production.  The  flanges  of  the  caps  were  bonded  to  a 
poled  PZT-552  disk  (Piezo  Kinetics,  Inc.,  Bellefonte,  PA) 
using  a  very  thin  (=“20  /jcm)  layer  of  insulating  epoxy 
(Eccobond®  45LV/Catalyst  15LV;  Emerson  and  Cuming, 
Inc.,  Woburn,  MA).  The  entire  assembly  was  allowed  to  cure 
at  room  temperature  for  at  least  24  h  while  under  moderate 
pressure.  The  relevant  properties  of  the  cap  materials  and 
piezoelectric  ceramics  used  are  given  in  Table  II. 

The  quality  of  the  bonding  layer  after  curing  was  char¬ 
acterized  by  measuring  the  in-air  admittance  spectra  of  the 
transducer  using  an  HP  4194A  impedance/gain  phase  ana¬ 
lyzer.  Spurious  vibration  modes  are  indicative  of  a  poorly 
bonded  transducer.24  Admittance  characteristics,  both  in  air 
and  in  water,  were  also  used  to  determine  resonance  fre¬ 
quency,  ke n,  Qm ,  and  electroacoustic  efficiency.  Charge  am¬ 
plification  on  the  PZT  electrodes  (due  to  the  presence  of  the 
caps)  was  measured  using  a  modified  Berlincourt  d 33  meter. 
The  water  depths  to  which  the  cymbal  transducers  can  be 
taken  before  failure  was  ascertained  by  measuring  their  ef¬ 
fective  hydrostatic  piezoelectric  charge  coefficient  (d'hft)  as  a 
function  of  hydrostatic  pressure.  A  thorough  explanation  of 
this  procedure  has  been  previously  provided.15 

Single-element  transducers  utilizing  the  PZT-552  com¬ 
position  as  the  active  component  were  incorporated  into 
9-element  square  arrays.  Two  mounting  schemes  were  inves¬ 
tigated:  unpotted  (i.e.,  oil-filled  boot)  and  potted  in  approxi¬ 
mately  5  mm  of  water-impedance-matching  polyurethane 


TABLE  III.  Typical  air-  and  water-loaded  characteristics  of  the  standard- 
size  brass-capped  cymbal  transducer. 


Air-loading 

Water-loading 

Resonance  frequency 

25.2  kHz 

16.1  kHz 

^eff 

0.214 

0.219 

200 

20 

electroacoustic  efficiency 
(PZT-552) 

12000  pC/N 

90% 

df3  (PZT-5A) 

8  000  pC/N 

dfi  (PZT-4) 

6000  pC/N 

d$  (PZT-8) 

5000  pC/N 
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frequency  (kHz) 

FIG.  4.  Transmitting  voltage  response  in  the  neighborhood  of  the  funda¬ 
mental  resonance  frequency  of  single-element,  standard-size  brass-capped 
cymbals  utilizing  PZT-552,  5A,  or  4. 

with  hardness  Shore-A90.  In  both  cases,  the  center-to-center 
spacing  between  the  elements  was  about  13.4  mm.  For  the 
potted  array,  electrical  leads  were  attached  to  the  caps  on  the 
positive  side  on  each  of  the  nine  cymbals  in  the  array  using 
silver  epoxy,  and  the  assembly  was  wired  together  in  paral¬ 
lel.  The  other  surface  of  the  array  was  attached  to  a  kapton 
backing  with  conductive  transfer  tape,  which  served  as  the 
ground  electrode. 

The  single  elements  in  the  unpotted  array  were  sand¬ 
wiched  between  two  copper-clad  printed  circuit  boards,  each 
1.5  mm  thick.  Holes  1 1.2  mm  in  diameter  were  drilled  equi¬ 
distant  from  one  another  through  the  boards  which  then 
housed  the  elements,  thus  allowing  the  dome  of  the  cymbal 
caps  to  flex  freely.  Plastic  spacers  1.5  mm  thick  were  used  to 
maintain  a  uniform  distance  between  the  upper  and  lower 
panels,  which  were  screwed  together  tightly,  as  well  as  to 
keep  the  cymbal  elements  in  place.  Pictures  of  the  two 
mounting  configurations  are  shown  in  Fig.  2. 

Underwater  calibration  tests  were  performed  in  the 
anechoic  water  tank  at  the  Applied  Research  Laboratory  at 
Penn  State.  The  tank  measured  7.9  m  in  length,  5.3  m  in 
width,  and  5.5  m  in  depth.  A  pure-tone  sinusoidal  pulse  sig¬ 
nal  of  2  ms  duration  was  applied  to  the  test  transducer,  and 
its  acoustic  output  was  subsequently  measured  by  a  standard 
F33  recalibrated  as  a  hydrophone.  The  test  transducer  and 


FIG.  5.  Comparison  of  the  transmitting  voltage  response  of  a  single-element 
brass-capped  cymbal  with  that  of  the  potted  9-element  array. 


FIG.  6.  Comparison  of  the  transmitting  voltage  response  of  the  potted  and 
unpotted  (oil-filled)  9-elemem  cymbal  arrays. 

the  standard  were  positioned  so  that  they  were  at  a  depth  of 
2.74  m  and  separated  by  a  distance  of  3.16  m. 

III.  RESULTS  AND  DISCUSSION 

Figure  3  shows  the  measured  admittance  spectra  of  a 
well-bonded,  standard-size  brass-capped  cymbal  transducer 
in  the  neighborhood  of  its  fundamental  resonance  frequency 
both  in  air  and  in  water.  The  downward  shift  in  the  reso¬ 
nance  frequency  is  due  to  the  acoustic  mass-loading  effect  of 
the  water.  The  resonance  frequency  of  the  cymbal  transducer 
is  controlled  by  the  elastic  properties  of  the  cap  material,  the 
cap  shape,  and  the  overall  diameter  of  the  device.21  Table  III 
provides  typical  measured  data  for  the  parameters  described 
in  Sec.  I.  These  are  all  values  for  standard-size,  single¬ 
element  brass-capped  cymbals.  The  reported  d 33  coefficient 
is  actually  an  effective  </33  coefficient  (since  it  is  reported  for 
a  device)  and  will  hereafter  be  designated  as  dfl  The  PZT 
type  in  parentheses  is  the  type  used  as  the  active  element  in 
the  transducer. 

The  transmitting  voltage  response  in  the  neighborhood 
of  the  first  resonance  frequency  for  same-size,  single-element 
brass-capped  cymbal  transducers  utilizing  different  PZT 
types  is  shown  in  Fig.  4.  The  peak  value  of  the  transmitting 
response  correlates  with  the  d 33  coefficient  of  the  device,  as 
seen  from  Table  III.  The  higher  d33  (and  thus  dn)  coefficient 
of  the  piezoelectric  ceramic  results  in  a  larger  axial  displace¬ 
ment  in  the  caps;  hence,  a  larger  volume  velocity  which 

TABLE  IV.  The  calculated  increase  in  TVR  (in  the  neighborhood  of  the 
fundamental  resonance  of  the  single  element)  for  unpotted  oil-filled  brass- 
capped  cymbal  arrays  of  different  radiating  area.  The  measured  TVR  at  this 
frequency  is  shown  for  comparison.  Active  element  is  PZT-552. 


Number  of  cymbals 

Expected  increase 

Measured 

Radiating  area 

in  the  array 

in  TVR  at  18  kHz* 

TVR  at  18  kHz 

1.27  cm2 

1 

0  dB 

130  dB 

11.4  cm2 

9 

4  dB 

134  dB 

127  cm2 

100 

23  dB 

153  dBb 

507  cm2 

400 

35  dB 

aAs  compared  to  the  single  element,  includes  mutual  acoustic  interactions 
between  elements. 

bJ.  Zhang  and  W.  J.  Hughes,  The  Pennsylvania  State  University,  unpub¬ 
lished  data,  1998. 
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FIG.  7.  Comparison  of  the  transmitting  voltage  response  of  unpotted 
9-element  cymbal  arrays  with  either  brass  caps  or  titanium  caps. 


FIG.  8.  Source  level  curves  for  the  9-element  unpotted  brass-capped  array 
for  drive  levels  starting  at  40  dB  re:  1  V  and  ending  at  56  dB  re:  1  V  in 
increments  of  1  dB  re:  1  V. 


leads  to  a  higher  acoustic-output  pressure  and  subsequently, 
a  higher  TVR  at  resonance.  Single-element  cymbals  are 
characterized  by  a  relatively  high  £>„(«  20),  low  kcff 
(«0.22)  and  consequently,  a  narrow  bandwidth. 

If  the  acoustic  impedance  loading  of  a  single  cymbal 
were  purely  real  (i.e.,  no  mass  loading),  then  incorporating 
the  single-cymbal  elements  into  a  9-element  square  array 
should  theoretically  enhance  the  transmitting  voltage  re¬ 
sponse  by  a  factor  of  about  19  dB(  =  201og  9).  A  single 
cymbal,  however,  is  mass  loaded.  Increasing  the  radiating 
area  of  the  projector  should  serve  to  increase  its  radiation 
resistance  and  hence  boost  its  acoustic-output  power.  Figure 
5  compares  the  TVR  of  the  single-element  cymbal  trans¬ 
ducer  to  that  of  the  9-element  potted  array.  When  the  single 
elements  were  potted  in  an  array,  the  fundamental  resonance 
was  strongly  damped,  and  there  was  only  about  a  4-dB  en¬ 
hancement  in  the  TVR.  The  damping  of  the  resonance  was 
attributed  to  two  detrimental  effects:  the  shear  components 
of  the  polyurethane  potting  layer  acting  to  damp  the  reso¬ 
nance,  and  array  element  interactions.  Interestingly,  though, 
a  more  broadband  transmitting  response  was  observed.  The 
larger  radiating  area  also  means  that  the  array  begins  to  ap¬ 
proach  “pc”-  loading  conditions  as  compared  to  the  “mass” 
radiation  loaded  single  element.  The  array  resonance,  there¬ 
fore,  does  not  shift  down  in  frequency  from  the  in-air  mea¬ 
surement  as  much  as  does  the  single  element.  No  significant 
difference  in  projector  performance  was  observed  when 
comparing  results  with  the  polyurethane  layer  (front)  or  the 
kapton  layer  (back)  facing  the  standard  receiver.  The  phasing 
of  the  displacements  of  the  single-element  cymbals  relative 
to  one  another  in  the  array  was  measured  using  a  fiber-optic 
interferometer.  When  the  array  was  driven  at  100  V  (peak)  at 
10  kHz,  all  the  transducers  were  found  to  vibrate  in  phac* 
within  one  deg. 

In  order  to  further  examine  the  effect  the  potting  layer 
had  on  the  performance  of  the  cymbal  array,  a  second  array 
was  built  and  tested.  This  array  was  unpotted  (i.e.,  oil  filled). 
The  TVR  curves  for  the  potted  and  unpotted  arrays  are  com¬ 
pared  in  Fig.  6.  Even  in  the  case  of  the  oil-filled  array,  the 
resonance  frequency  is  again  strongly  damped.  The  mutual 
acoustic  impedance  between  the  individual  radiators  in  the 
array  was  then  estimated  using  a  technique  described  by 


Pritchard.25  In  his  analysis  of  same-size  circular  disks  vibrat¬ 
ing  (all  with  the  same  velocity)  in  an  infinite  rigid  plane,  the 
mutual  radiation  impedance  (Z12)  can  be  expressed  as: 


Zl2=(Rl2+jXl2)  = 


pcira2- 


sin  (kdj)  cos  (kdt) 

kdi  kdj 


(2) 


when  ( ka)2<  1  and  ( ald)<  1  and  where  Rl2  is  the  mutual 
radiation  resistance,  Xn  is  the  mutual  radiation  reactance,  pc 
is  the  characterisdc  impedance  of  the  medium,  a  is  the  radius 
of  the  disk,  d,  is  the  respective  center-to-center  spacing  be¬ 
tween  the  disks,  and  k  is  the  wave  number.  Since  the  ka  for 
the  nine  element  array  (<=2  at  18  kHz)  is  sufficiently  large 
such  thatR^»Jf,  the  mutual  radiation  impedance  can  be  taken 
as  simply  the  real  part  of  Z12  at  this  frequency.  The  term  in 
braces  {  }  in  Eq.  (2)  is  equal  to  the  self-radiation  resistance 
(Rs)  of  a  single  radiator  in  the  array.  Ultimately,  the  mutual 
radiation  resistance  ( Rm )  seen  by  the  array  is  equal  to  nine 
times  the  self-radiation  resistance  (due  to  the  ninefold  in¬ 
crease  in  area)  multiplied  by  a  factor  representing  the  inter¬ 
element  interactions,  R,  [i.e.,  the  bracketed  term  [  ]  in  Eq. 
(2)].  Taking  the  radiating  frequency  as  18  kHz  and  the  clos¬ 
est  center-to-center  spacing  between  two  adjacent  elements 
in  the  array  as  13.4  mm,  the  real  part  of  the  bracketed  term, 
Rlt  is  equal  to  5.714.  The  expected  increase  in  TVR  in  an 
array  as  compared  to  a  single  element  at  a  given  frequency  is 
therefore  actually  equal  to  (20-  log  N-20-  log  /?,),  where  N  is 
the  increase  in  radiating  area  (or  number  of  elements  in  the 
array).  In  the  case  of  the  nine-element  arrays  used  in  this 
analysis,  the  calculated  increase  in  TVR  (taking  into  account 
the  mutual  radiation  impedance)  at  18  kHz  as  compared  to 
the  single  element  should  be  4  dB,  which  is  what  was  ex¬ 
perimentally  observed  in  the  case  of  the  unpotted  array  (see 
Table  IV).  The  slightly  lower  TVR  seen  in  the  case  of  the 
potted  array  can  then  be  attributed  to  additional  damping 
effects  due  to  the  stiff  polymer.  At  frequencies  beyond  the 
resonance,  mutual  radiation  impedance  becomes  less  signifi¬ 
cant,  and  the  approximate  19-dB  increase  in  TVR  as  ex¬ 
pected  in  the  case  of  the  unloaded  array  is  observed. 

Figure  7  compares  the  TVR  curves  for  unpotted 
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.  ,  .  x  in  (W\  20  kHz.  (c)  30  kHz,  (d)  50  kHz,  and  (e)  130  kHz. 

FIG.  9.  Transmit-beam  patterns  for  the  cymbal  arrays  at  (a)  10  kHz,  (b)  2U  icrn,  W  w 
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FIG.  9.  ( Continued .) 
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FIG.  9.  ( Continued. ) 


9-element  cymbal  arrays  consisting  of  either  brass  or  tita¬ 
nium  caps.  Below  20  kHz,  the  curves  are  practically  identi¬ 
cal.  At  higher  frequencies,  however,  the  titaruum-capped 
cymbal  array  exhibits  about  a  3-dB  higher  TVR  than  the 
brass-capped  cymbal  array.  The  specific  acoustic  impedance 
(z=pe)  of  brass,  titanium,  and  water  are  40.4,  27.3,  and 
1.5  MPa- s/m,  respectively.26  Since  the  ratio  of  the  character¬ 
istic  impedance  of  brass  to  water  is  approximately  VI  times 
the  ratio  of  the  characteristic  impedance  of  titanium  to  water, 
and  20-  log  VI  is  3  dB,  the  increase  in  TVR  may  be  due  to 
the  better  acoustic  match  of  titanium  to  the  water  environ- 
ment 

Figure  8  shows  the  measured  source-level  curves  for  the 
unpotted  brass-capped  array.  The  curves  correspond  to  drive 
levels  ranging  from  40  dB  re:  1  V  to  56  dB  re:  1  V  in 
increments  of  1  dB  re:  l  V.  At  a  drive  level  of  57  dB  re:  1  V, 
the  array  failed  and  hence  no  measurement  was  recorded. 
The  cause  of  failure  was  cracking  in  the  caps  due  to  work 
hardening.27  The  primary  resonance  is  evident  at  18.5  kHz, 
when  the  drive  level  is  40  dB  re:  1  V  and  is  present  up  to  a 
drive  level  of  54  dB  re:  1  V,  above  which  it  is  suppressed 
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and  nonlinear  behavior  becomes  apparent.  When  driven 
slightly  below  its  failure  level  (e.g.,  52  dB  re:  1  V),  a  source 
level  of  180  dB  re:  1  pPa-m  or  greater  is  generated  between 
10  and  at  least  25  kHz.  However,  this  is  for  a  radiating  area 
of  only  1 1.4  cm2.  A  simple  way  to  enhance  the  source  level 
is  by  increasing  the  number  of  elements  in  the  array  and 

hence  increase  the  radiating  area. 

The  beam  patterns  at  various  fitequencies  for  the  cymbal 
array  are  shown  in  Fig.  9.  At  low  frequency  (half-wavelength 
aperture  or  less),  the  array  exhibits  near-omnidirecaonality. 
Interference  between  the  signals  generated  by  the  individual 
elements  in  the  array  leads  to  more  complex  beam  patterns 
seen  at  higher  frequencies.  Nonsymmetry  in  the  patterns  is  a 
result  of  individual  elements  in  the  array  not  being  matched 
in  phase.  It  is  important  to  be  able  to  determine  the  theoret¬ 
ical  patterns  to  know  what  to  expect  from  the  measured  ar¬ 
ray.  In  order  to  calculate  the  patterns  in  this  3X3  array, 
simple  line  theory  was  used.  The  patterns  in  the  horizontal 
plane  can  be  calculated  by  using  a  line  array  consisting  of  A 
(=3  in  this  case)  equally  spaced,  equally  phased,  equal 
strength  sources.  The  relative  strength,  P,  at  any  incident 
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FIG.  10.  Pressure  dependence  of  the  effective  dh  coefficient  for  standard- 
size  single-element  cymbal  transducers  with  (a)  brass  caps  and  (b)  molyb¬ 
denum  caps  of  varying  cavity  depth. 

angle,  0,  normal  to  the  face  of  the  projector  can  be  calcu¬ 
lated  from  the  expression:28 

Nkd-siu  0j 

'  Tkd- sin0\  ’  (3) 

N-  sinl - - - J 

where  d  is  the  center-to-center  spacing  between  the  elements 
and  k  is  the  wave  number.  The  nulls  are  found  by  calculating 
the  angles  which  make  P= 0.  From  Eq.  (3),  the  appearance 
of  the  first  null  is  predicted  to  occur  at  37  kHz  when  0  is  90 
deg.  Nulls  in  the  pattern  occur  at  angles  where  the  radiated 
waves  from  each  cymbal  are  separated  by  a  distance  of  one 
half-wavelength.  Grating  lobes,  which  are  secondary  major 
lobes,  will  appear  at  higher  frequencies.  The  number  of  side 
lobes  present  between  the  main  and  grating  lobes  is  equal  to 
the  number  of  cymbal  elements  along  a  side  in  the  array  less 
two.  As  seen  at  130  kHz  [Fig.  9(e)],  there  is  one  side  lobe 
between  the  main  lobe  and  the  grating  lobe.  In  Fig.  9(d),  50 
kHz,  the  side  lobes  becomes  significant.  The  only  null  in  the 
first  quadrant  at  50  kHz  was  calculated  to  be  about  48  deg, 
which  compares  well  to  the  null  seen  in  the  pattern  in  Fig. 
9(d).  The  first  quadrant  nulls  at  130  kHz  were  calculated  to 
be  at  about  17,  35,  and  59  deg.  The  first  two  correlate  well 
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with  those  seen  in  the  pattern  [Fig.  9(e)].  However,  the  null 
at  59  deg  is  masked  by  the  grating  lobe. 

Figure  10  shows  the  measured  pressure  dependence  of 
the  d l**  coefficients  of  single-element  brass-capped  and 
molybdenum-capped  cymbal  transducers  with  different  cav¬ 
ity  depths  (dc).  The  standard  brass-capped  cymbal  can  with¬ 
stand  hydrostatic  pressures  of  up  to  2.5  MPa  (250  m  water 
depth)  before  failing.  Failure  was  found  to  be  due  to  the  caps 
being  deformed  beyond  their  elastic  limits,  hence  eliminating 
the  effective  stress-transfer  mechanism  between  the  piezo¬ 
electric  ceramic  and  the  caps.27  As  can  be  seen,  the  pressure 
tolerance  of  the  transducer  is  dependent  upon  the  stiffness  of 
the  cap  material  as  well  as  the  cap  shape.  With  the  stiff 
molybdenum  caps,  cymbals  with  deep  cavities  can  withstand 
at  least  7  MPa  of  pressure.  Unfortunately,  the  stiff  molybde¬ 
num  caps  cannot  flex  as  readily  as  the  softer  brass  caps, 
hence  their  displacement  (and  ultimately  the  TVR)  is  ex¬ 
pected  to  be  lower  than  that  of  the  brass-capped  cymbals. 

IV.  CONCLUSIONS 

The  cymbal  transducer  array  appears  to  be  a  viable  can¬ 
didate  for  medium-  to  high-power  shallow-water  acoustic 
projector  applications  at  frequencies  below  50  kHz.  Prelimi¬ 
nary  results  indicate  that  it  compares  quite  favorably  with 
both  the  Tonpilz  and  1-3  composites,  at  least  in  terms  of 
output  power.  Its  thin  profile  when  incorporated  into  arrays 
makes  it  ideal  for  conforming  to  a  curved  surface.  In  addi¬ 
tion,  its  simple  design  and  uncomplicated  construction 
method  should  render  it  easy  and  hence  inexpensive  to  mass 
produce. 
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